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ABSTRACT 

Fuel  tank  inerting  requirements  for  two  typical  military  aircraft  have  been 
established.  With  these  requirements  as  a  basis  various  inerting  Bystems  using 
a  catalytic  combustor  have  been  considered  and  an  optimum  configuration  has 
been  selected  for  further  study.  A  preliminary  design  haB  been  completed  on 
this  configuration,  including  weights,  general  configuration,  control  functions  and 
performance.  The  weight  of  the  system  is  approximately  50%  of  a  liquid  nitrogen 
system  designed  to  meet  the  same  requirements.  The  moisture  added  to  the 
fuel  tanks  is  approximately  the  same  as  that  added  to  the  current  fuel  systems 
which  do  not  have  inerting  systems.  A  program  plan  for  the  follow-on  program 
which  consists  of  building  and  testing  a  breadboard  system  of  this  configuration 
has  been  prepared. 


Each  transmittal  of  this  abstract  outside  the  Department  of  Defense  must  have 
prior  approval  of  the  Air  Force  Aero  Propulsion  Laboratory  (AFAPL/SFH), 
Wright  Patterson  AFB,  OHIO  43433. 
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Fire  and  explosion  hazards  in  aircraft  fuel  tanks  arise  from  the  presence 
of  a  combustible  mixture  of  fuel  vapor  ;uul  oxygen  in  the  space  above  the 
fuel.  Oxygen  comes  out  of  solution  in  the  fuel,  and  air  may  enter  at  un¬ 
protected  vents.  The  mixture  may  be  combustible  over  a  wide  range  of 
frequently  encountered  temperatures.  Penetration  of  projectiles,  ignition 
at  the  tank  vent  by  lightning  and  local  heating  by  lightning  or  by  lire  can 
result  in  fuel  tank  and  venting  system  explosions  and  fires.  Fuel  tank 
inerting  systems  have  been  used  successfully  in  which  a  stored  inert  gas 
such  as  nitrogen  is  supplied  to  the  interior  of  the  tank,  purging  it  of  oxygen 
to  noncombustible  levels. 

The  present  study  has  been  undertaken  to  develop  a  preliminary  design  of 
a  system  for  producing  an  inert  gas  from  air  by  burning  fuel  to  reduce  its 
oxygen  content.  The  approach  taken  is  to  perform  the  burning  on  a  cata¬ 
lyst  bed  supplied  with  engine  bleed  air  and  fuel.  Heat  is  rejected  to  ram 
air  and  moisture  is  condensed  in  an  air  cycle  refrigeration  unit. 

The  study  comprises  four  major  tasks  aimed  at  developing  a  preliminary 
design  of  the  catalytic  reactor  inerting  concept.  The  first  involves  writing 
specifications  for  the  inerting  systems  to  cover  the  requirements  of  two 
aircraft,  the  Tactical  Fighter  Aircraft  (TFA)  and  the  B-l.  The  second 
task  covers  concepts  for  catalytic  reactor  inerting  systems  for  the  two 
aircraft.  One  concept,  that  for  the  B-l,  is  developed  into  a  preliminary 
design  in  the  third  task.  Finally,  the  fourth  task  describes  a  breadboard 
development  program  for  ground  testing  of  a  catalytic  reactor  type  fuel 
tank  inerting  system.  A  concept  has  been  developed  in  the  study  that  makes 
use  of  a  catalyst  in  the  form  of  packed  beds  of  pellets  that  promote  the  re¬ 
action  between  fuel  and  air  at  about  1300  “P.  Combustion  heat  is  transport¬ 
ed  by  a  large  volume  of  recirculating  gas  to  the  heat  exchangers  which  re¬ 
ject  it  to  ram  air.  The  inert  gas,  still  at  close  to  bleed  air  pressure,  is 
further  cooled  in  heat  exchangers  and  is  expanded  in  a  turbine,  bringing 
temperatures  close  to  freezing  for  maximum  condensation  and  drying. 
Moisture  is  discharged  into  the  ram  air  inlet  for  its  cooling  benefit  and 
the  dry,  inert  gas  is  delivered  to  the  aircraft  fuel  tank. 
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2.0  DEFINITION  OF  SYSTEM  REQUIREMENTS 

As  Task  I  of  the  study  program  reported  herein,  the  Fuel  Tank  Inerting 
System  requirements  were  established  for  a  Long  Range  Bomber  (B-l) 
and  a  Tactical  Fighter  Aircraft  (TFA).  A  system  specification  was 
prepared  for  each  aircraft,  including  an  outline  of  the  general  system 
requirements  and  detailed  flight  profiles  for  two  typical  misBionB,  one 
subsonic  and  one  supersonic.  The  full  details  of  the  flight  profiles  are 
classified  secret  and  are  available  only  through  limited  distribution.  The 
general  system  requirements,  which  are  essentially  alike  for  both  air¬ 
craft  are  presented  below,  followed  by  a  discussion  of  specific  B-l  and 
TFA  requirements. 

It  is  to  be  noted  in  reviewing  this  presentation  of  the  system  requirements 
that  they  represent  a  composite  of  information  gathered  from  several 
sources  over  a  time  span  of  considerable  length  relative  to  the  overall  . 
study  duration.  The  flight  profile  data,  in  particular,  was  based  on  in¬ 
puts  from  both  the  Air  Force  and  the  airframe  prime  contractors  and, 
simply  due  to  the  early  stages  of  development  of  both  aircraft,  contain 
many  approximations. 

General  Requirements 

Fuel  Tank  Oxygen  Level 

The  requirement  for  the  fuel  tank  Inerting  system  is  that  the  oxygen  con¬ 
centration  in  the  fuel  tank  vapor  space  be  maintained  at  a  level  below  that 
which  will  support  combustion.  A  concentration  of  9%  by  volume  was 
established  as  the  maximum  allowable.  This  is  to  be  accomplished  by 
means  of  reducing  the  oxygen  level  of  engine  bleed  air  in  a  catalytic  com¬ 
bustor  and  feeding  the  inert  gas  to  the  fuel  tank. 

Moisture  Removal 

The  inerting  system  design  objective  is  to  provide  moisture  removal 
capacity  to  the  extent  that  the  moisture  added  to  the  fuel  tanks  over  the 
specified  flight  profiles  would  not  exceed  that  added  by  the  atmosphere 
to  unprotected  tanks.  This  design  objective  led  to  the  establishment  of  a 
maximum  absolute  humidity  of  80  grains  water/lb  dry  gas  delivered  to 
the  fuel  tanks  under  all  normal  operating  conditions. 
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Fuel  Tank  Pressure  Control 


The  inerting  system  is  required  to  control  the  (low  oi'  inerting  gases  to 
the  fuel  tanks  in  such  a  manner  that  a  B|>ecLl'ied  pressurization  schedule 
ls  maintained.  The  normal  fuel  tank  pressurization  is  O.o  psig  or  0.0 
psia,  whichever  is  greater.  The  fuel  tank  pressure  relief  valve  will 
prevent  overpressurization  ;md  the  drive  valve  will  not  allow  negative 
pressure  in  the  tanks. 

Fuel  Compatibility 

The  iaerting  system  is  to  be  compatible  with  JP-4,  JP-fS,  and  JP-8  fuels 
while  meeting  the  requirements  of  the  specification.  In  addition,  no 
hazard  shall  be  added  by  the  inerting  system  while  the  aircraft  is  operating 
on  emergency  fuel  consisting  of  97%  aviation  gasoline  and  3%  lubricating 
oil. 

Heat  Sink  Availability 

Both  ram  air  and  fuel  are  available  as  heat  sinks  to  meet  the  cooling 
demands  of  the  system.  A  design  objective  is  to  minimize  the  use  of 
fuel  as  a  heat  sink. 

Operating  Requirements 

The  operating  modes  of  the  inerting  system  are  described  by  specifying 
what  is  required  of  the  system  during  various  phases  of  a  typical  aircraft 
operation  cycle. 

Climb 

During  climb  the  quantity  of  dissolved  oxygen  and  nitrogen  which  the 
fuel  can  hold  In  equilibrium  is  reduced.  These  gases,  dissolved  in 
the  fuel  during  ground  storage,  tend  to  stay  in  solution  in  a  super¬ 
saturated  condition  as  the  pressure  is  reduced  unless  the  fuel  is 
agitated.  To  prevent  the  oxygen  from  coming  out  of  solution  when 
sporadic  agitation  occurs  and  disturbing  the  safe  oxygen  concentration 
in  the  tank  ullage  a  fuel  scrubbing  process  is  required.  Scrubbing  will 
be  accomplished  by  injecting  the  inerting  gas  into  the  liquid  fuel  to 
promote  agitation  and  maintain  equilibrium  of  the  dissolved  gases  in 
the  fuel  during  climb.  The  injected  inerting  gas  will  serve  to  dilute 
the  oxygen  to  a  safe  concentration  in  the  ullage,  A  continuous  venting 
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of  inerting  iuni  emerging  gases  is  provided  by  the  tunk  pressure  relief 
valve.  The  minimum  volume  flow  rate  of  inerting  gas  required  for 
adequate  sparging  during  climb  has  been  assumed  to  be  equal  to  the 
volume  flow  rote  of  the  fuel  consumption  at  sea  level.  If  a  higher  flow 
rate  is  necessary  it  can  be  provided  without  increasing  the  system 
size.  The  mass  flow  rate  of  inerting  gas  should  remain  essentially 
constant  with  increasing  altitude  until  the  tank  pressure  becomes 
constant. 

Cruise  and  Descent 

During  cruise  and  descent  the  inerting  system  is  required  to  maintain 
fuel  tanks  at  the  specified  pressurization  by  controlling  the  flow  of 
inerting  gas  into  the  tanks. 

Fueling 

During  fueling  on  the  ground  and  in  flight  the  entering  fuel  can  be 
supersaturated  with  air.  Oxygen  emerging  from  solution  could 
enrich  the  ullage  space  far  in  excess  of  the  safe  limit.  The  inerting 
gas  supply  should  be  capable  of  scrubbing  the  fuel  and  purging  ullage 
space  to  maintain  a  safe  concentration  in  the  ullage. 

Ground  Operation 

It  is  desireable  to  provide  inerting  protection  on  the  ground  during 
stand-by.  Over  extended  periods,  with  engines  off,  operation  of  the 
inerting  system  would  be  possible  by  making  periodic  uBe  of  hot, 
compressed  air  from  an  APU, 

Emergency  Operation 

In  the  event  of  emergency  descent  rates  a  safe  oxygen  concentration 
and  positive  tank  pressurization  are  to  be  maintained. 

Logistics  and  Maintenance  Requirement 

System  regeneration,  maintenance  and  overall  life  is  required  to  be 
consistent  with  the  intent  of  the  Bare  Base  Concept.  The  inerting 
system  should  be  capable  of  multi-mission  operation  without  external 
regeneration,  replacement,  or  maintenance.  The  number  of  mission 
cycles  between  such  maintenance  will  not  exceed  six. 
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TFA  System  Itopui foments 


The  normal  maximum  How  rate  required  for  the  TFA  to  maintain 
positive  pressure  in  the  fuel  tanks  ia  approximately  4.5  lb/min. 

This  flow  demand  occurs  with  the  aircraft  approaching  sea  level 
in  descent  at  the  maximum  normal  descent  rate  with  the  fuel  tanka 
nearly  empty.  In  the  event  of  an  emergency  deseent,  whieh,  for  the 
TFA.,  specified  as  occurring  during  normal  combat  maneuvers, 

the  descent  rate  is  approximately  six  times  the  maximum  normal 
rate.  These  combat  maneuvers  are  assumed  to  oecur  between 
25,000  ft  and  10,000  ft  altitude. 

B-l  System  Requirements 

The  normal  maximum  flow  rate  required  for  the  B-l  to  maintain 
pcmLive  pressure  in  the  fuel  tanks  is  approximately  75  lb/min. 

This  flow  demand  occurs  with  the  aircraft  approaching  a  3,  000  ft 
loiter  altitude  in  descent  at  the  maximum  normal  descent  rate  with 
the  fuel  tanks  near  empty.  In  the  event  of  an  emergency  descent, 
the  flow  demand  for  maintenance  of  positive  fuel  tank  pressure  to 
3,000  ft  may  reach  200  lb/min. 

The  normal  descent  condition  occurs  with  the  engines  at  idle  power 
setting.  The  emergency  condition  has  sufficient  engine  throttle 
advance  so  as  to  assure  adequate  bleed  flow  availability.  These 
flight  conditions  are  the  design  points  for  the  system.  Specifically 
the  system  was  designed  to  provide  the  normal  maximum  flow  of  75 
lb/min  of  inert  gas  at  3,000  ft  hot  day,  M=0.025  and  engine  idle 
pressure.  Collectively  these  conditions  represent  the  severest 
operating  condition  and  each  has  a  direct  influence  on  the  resultant 
system  size.  A  system  sized  to  provide  that  amount  of  inert  gas 
during  normal  maximum  descent  will  also  meet  the  emergency  descent 
requirement  when  supplemented  with  engine  bleed. 
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1  Concept  Philosophy 

There  has  long  been  a  recognition  ol‘  hazards  associated  with  the  mixture 
of  fuel  vapors  and  air  in  the  space  above  the  fuel  in  airer.'ift  fuel  tanks. 
Over  the  past  30  years  various  schemes  have  been  tried  for  reducing  or 
eliminating  these  hazards,  usually  by  purging  the  ullage  space  of  oxygen. 
Inerting  with  combustion  products  has  been  applied  in  the  past  using 
reciprocating  engine  exhaust  products,  and  also  using  combustion  products 
produced  by  purge  gas  generators  designed  from  heater  technology.  The 
latter  were  never  evaluated  by  flight  test,  and  that  technology  is  now 
fifteen  years  old.  At  the  present  time  fuel  tank  inerting  haB  become  a 
recognized  need  for  military  aircraft  as  protection  against  enemy  action. 
During  1968  and  1969  United  Aircraft  Research  Laboratories  conducted 
studies  on  various  types  of  gaseous  inerting  systems  with  emphasis  on 
combustion.  Concurrently,  American  Cyanamid,  under  Air  Force  con¬ 
tract,  was  experimentally  and  analytically  investigating  a  catalytic  reactor 
type  of  combustion  inerting  system.  From  these  programs  it  was  evident 
that  a  combustion  system  based  on  the  use  of  engine  bleed  air  to  react 
with  aircraft  fuel,  and  the  use  of  ram  air  as  a  primary  heat  sink,  offered 
significant  advantages  over  other  systems.  These  advantages  appeared 
most  prominently  In  weight  savings  and  in  the  reduction  of  logistics 
support  requirements. 

The  scope  of  this  study  was  to  apply  the  American  Cyanamid  catalytic 
reactor  results  to  a  system  based  on  the  use  of  aircraft  equipment  design 
principles  for  heat  exchangers  and  controls.  The  system  was  also  to 
make  use  of  aircraft  air-cycle  refrigeration  equipment  for  the  removal  of 
moisture  produced  in  the  combustion  reaction.  Full  advantage  was  to  be 
taken  of  the  great  affinity  of  SO2  gas  for  moisture  in  the  removal  of  this 
potentially  corrosive  combustion  product  from  the  inerting  gas.  Automatic 
controls  to  maintain  stable  operation  at  all  conditions  requiring  inert 
gas  production  within  the  aircraft  flight  profile  were  Included  in  these 
requirements. 

A  possible  alternate  to  this  system  concept  includes  the  use  of  a  jet 
engine  type  burner  and  a  single  high  temperature  heat  exchanger  as  a 
substitute  for  the  catalytic  reactor  and  its  cooling  heat  exchangers.  All 
other  parts  of  the  system  would  remain  essentially  unchanged.  The  burner 
would  thereby  permit  avoidance  of  some  of  the  reactor  control  problems 
while  simplifying  the  system.  Such  a  system  was  not  considered  in 
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detail  since  it  wan  beyond  llic  scope  of  the  current  program. 


1).  2  Catalytic  itcactor  Design 

In  a  prior  program  sponsored  by  the  Air  Force  Aero  Propulsion  Laboratory, 
American  Cyanamid  Company  explored  the  feasibility  of  utilizing  a  catalytic 
combustion  technique  to  provide  inert  ballast  gas  for  the  ullage  spaces  in 
aircraft  fuel  tanks.  To  a  lax’ge  extent  the  earlier  work  comprised  a  cat¬ 
alyst  screening  program  utilizing  propane  as  fuel,  but  some  work  was 
also  done  with  JP-7  and  JP-4  liquid  fuels.  The  experimental  work  con¬ 
firmed  the  general  feasibility  of  the  approach,  led  to  the  selection  of 
Cyanamid's  AERO-BAN^  catalyst  as  the  most  suitable  of  those  studies, 
and  provided  some  preliminary  data  on  the  kinetics  of  the  reaction.  Two 
general  reactor  design  concepts  were  proposed,  one  a  radial  design  in 
which  the  gas  stream  flows  outward  from  a  cylindrical  core  through  a 
single  catalyst  bed,  and  the  other  a  segmented  reactor  design  in  which  the 
gas  stream  flows  through  a  number  of  catalyst  beds  in  series,  with  cool¬ 
ing  between  beds  to  remove  the  heat  of  reaction. 

The  objective  of  the  present  reactor  design  analysis  program  was  to  study 
several  design  concepts  in  more  detail  in  order  to  obtain  a  preliminary 
assessment  of  the  effects  of  bed  configuration  and  operating  parameters 
on  system  performance.  System  characteristics  of  prime  concern  in 
this  study  were: 

Weight 

Pressure  Drop 

Safety 

Reliability 

Simplicity  of  Control 

In  this  preliminary  analysis,  only  "steady-state"  performance  was  con¬ 
sidered  for  mathematical  treatment.  Analysis  of  the  transient  response 
of  the  reactor  system  to  changes  in  demand  for  ballast  gas  required  by 
the  varying  operational  modes  of  the  aircraft  was  not  attempted  because 
of  the  limited  scope  of  the  present  program.  Such  an  analysis  would  be 
desirable  in  connection  with  possible  future  "breadboard"  studies  of  this 
system. 

3.2.1.  Basic  Design  Concepts  Studied 

There  are  several  basic  conceptual  approaches  to  the  design  of  a 
catalytic  reactor  for  reducing  the  oxygen  concentration  of  ballast  air  to 
safe  levels.  These  may  be  stated  as  alternatives,  as  follows: 


s 


1)  Recycle  or  once-through  flow 

2)  Single  or  multiple  catalyst  beds 

3)  For  multiple- bed  configurations,  series  or  parallel  flow.  Split- 
air  or  split-fuel  feed 

In  choosing  among  these  approaches,  a  major  consideration  is  the  extreme 
exothermicity  of  the  oxidation  reactions  involved,  and  the  need  for 
effective  heat  management  to  maintain  adequate  temperature  control.  It 
is  also  important  from  the  standpoint  of  safety  to  ensure  that  the  concen¬ 
tration  of  oxygen  and/or  fuel  is  maintained  outside  the  limits  of  flam¬ 
mability  in  all  parts  of  the  system.  When  these  criteria  have  been 
satisfied,  attention  may  be  focused  on  means  for  minimizing  Bystem 
weight  and  pressure  drop. 

Management  of  the  heat  of  reaction  may  be  accomplished  in  at  least  three 
ways: 

1)  Recycling  of  inerts  to  moderate  the  reaction  by  providing  a 
heat  sink. 

2)  Inter-cooling  between  catalyst  beds  in  a  series  configuration. 

3)  Direct  cooling  within  the  catalyst  bed. 

Recycling  of  inerts  is  an  attractive  approach  because  in  addition  to  aiding 
heat  management  it  also  provides  a  means  for  reducing  the  oxygen  concen¬ 
tration  to  levels  which  are  safely  below  the  flammability  limit  (about  8-9% 
at  reactor  inlet  conditions).  With  recycle,  a  single  bed,  or  a  multiplex- 
bed  series  or  parallel  flow  configuration  may  be  considered.  In  a  series- 
bed  configuration  with  recycle,  splitting  the  air  flow  among  the  beds  also 
helps  reduce  oxygen  levels  throughout  the  system. 

Without  recycle,  (and  without  direct  cooling  of  the  catalyst),  a  multiple  bed 
series  configuration  with  a  limited  flow  of  fuel  to  each  bed  is  required  in 
order  to  maintain  catalyst  temperatures  within  tolerable  limits.  Because 
the  number  of  beds  in  series  would  be  large  (on  the  order  of  10  or  more), 
such  a  system  would  tend  to  be  quite  complex  from  the  control  standpoint. 
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Direct  cooling  of  the  c.italyxi  tu-d  us,  in  prniicipie,  an  attractive  means 
for  controlling  the  tv.uiion  i-.\niheriii.  However,  preliminary  (lesion 
analysis  carried  out  previously  ’■  mdicated  that  the  heat  Hamster  surface 
required  would  1-.,  large  relative  tu  the  volume  of  catalyst,  ho  that  this 
approach  would  >v quire  dilution  oi  tin  eat.ily.st,  and  thus  impose  a  weight 
penalty.  Another  problem  with  thus  runiiguralion  i.s  to  provide  uniform 
bed  cooling.  Since  reaction  rate  us  .strongly  dependent  on  temix1  nature, 
it  is  important  that  the  teni|x-ratinv  level  in  the  lied,  on  a  plane  normal 
to  the  flow,  is  held  uniformly  within  a  narrow  range.  If  one  area  ol  the 
bed  is  overcooled  the  reaction  rate  will  decrease.  This  will  in  turn  result 
in  a  further  reduction  in  temperature  possibly  to  the  point  where  reaction 
ceases  in  that  portion  of  the  lied. 

In  a  series-bed  configuration  with  recycle,  it  is  possible  in  principle  to 
operate  outside  the  region  of  flammability  by  limiting  the  flow  of  either 
air  or  fuel  to  each  reactor  bed  (split-air  or  split-fuel  concept).  The 
former  leads  to  fuel-rich  mixtures,  and  possible  "coking”  problems  in 
the  reactor.  The  latter  avoids  fuel-rich  mixtures,  but  may  introduce 
mechanical  problems  with  respect  to  distribution  of  fuel  among  the  beds, 
as  well  as  some  ambiguity  with  respect  to  the  concentration  of  "fuel”  in 
various  parts  of  the  system  (because  of  \'ecycling  unburnt  fuel  and  partial 
oxidation  products).  Monitoring  of  oxygen  rather  than  hydrocarbon  levels 
in  the  inert  gas  supply  would  appear  to  be  a  more  practical  approach  to 
ensuring  non-flammable  mixtures  throughout  the  system.  The  more 
difficult  task  of  monitoring  hydrocarbons  would  have  to  be  used  in  the 
split  fuel  system.  Thus,  despite  possible  problems  due  to  coking,  the 
split-air  concept  appears  initially  more  attractive  than  the  split  fuel. 

3.2.2  Selected  Concept  (Series-Bed  Recycle  System) 

A  careful  consideration  of  the  various  factors  discussed  in  the  foregoing 
paragraphs  led  to  the  selection  of  the  series-bed  recycle  system  with 
split-air  flow.  A  generalized  mathematical  treatment  of  this  type  of 
system  has  been  made,  and  is  presented  along  with  computer-generated 
results  for  specific  cases  in  the  system  design  sections. 

This  concept  has  another  advantage  in  that  it  permits  the  use  of  a  simpli¬ 
fied  fuel  control.  Reaction  rates  are  strongly  dependent  on  bed  tempera¬ 
tures.  Cooling  between  beds  with  the  recycle  configuration  provides  a 
means  for  uniform  bed  temperature  control  and  therefore  reaction  rate 
control.  The  ram  air  to  each  catalyst -bed  exchanger  has  a  separate  con¬ 
trol  so  that  each  bed  can  be  controlled  independently  of  the  others  and  of 
the  rest  of  the  systems. 

♦AFAPL-TR-69-6S 
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Cooling  and  Moisture  lU‘inoval  Sub-System  Concept 


3.  3 


In  addition  to  tin-  need  to  provide  gas  low  in  0^  to  the  tank  is  the  require¬ 
ment  that  the  gas  have  relatively  low  moisture  content.  Previous  systems 
which  have  used  products  of  combustion  as  a  source  of  inert  gas  have  con¬ 
sidered  chemical  drying  agents  or  absorbents  to  meet  this  latter  require¬ 
ment.  These  typos  of  systems  are  very  heavy  and/or  require  considerable 
maintenance.  In  this  system,  moisture  is  removed  by  condensation.  The 
cooling  required  for  this  condensation  is  provided  by  typical  aircraft 
refrigeration  equipment  and  is  therefore  lightweight  and  current  technology 
hardware. 

3.3.1  Configuration  for  System 

The  heat  sinks  which  are  used  are  both  ram  air  and  fuel.  Ram  air  is  the 
primary  sink  and  is  used  at  all  conditions.  At  extreme  flight  conditions 
where  ram  air  is  too  hot,  it  is  supplemented  with  fuel.  Both  the  ram  air 
and  fuel  heat  sink  requirements  are  minimized  by  the  use  of  the  con¬ 
densate  itself  as  an  additional  heat  sink. 

The  moisture  removal  sub-system  is  illustrated  in  the  system  schematic 
in  Figure  1.  Inerted  gas  from  the  combustor  is  first  precooled  with  ram 
air.  It  then  flows  through  the  fuel  exchanger  where  it  is  cooled  when 
ram  temperatures  are  high.  In  the  outlet  header  of  each  of  these  two 
heat  exchangers  there  is  a  water  drain  which  removes  most  of  the  water 
which  is  condensed  in  each.  After  leaving  the  fuel  exchanger  the  inerted 
gas  is  further  cooled  in  the  regenerative  heat  exchanger  and  all  of  the 
remaining  condensate  is  removed  in  a  water  collector  located  in  the  outlet 
header  of  the  regenerative  heat  exchanger.  The  gas  is  then  cooled  in  the 
expansion  turbine  which  is,  indirectly,  the  source  of  cooling  for  the 
regenerative  heat  exchanger.  The  energy  extracted  from  the  gas  in  the 
turbine  is  absorbed  by  the  recirculating  fan  and  is  thereby  rejected  to 
the  ram  air.  Upon  leaving  the  turbine,  all  of  the  inerted  gas  including 
the  moisture  which  was  condensed  in  the  turbine  is  passed  directly  into 
the  cold  side  of  the  regenerative  heat  exchangers.  This  cooled  gas,  and 
the  moisture  in  it,  is  the  heat  sink  for  the  regenerative  exchangers.  The 
moisture,  which  is  in  the  form  of  very  fine  fog  particles,  evaporates  as 
the  surrounding  gas  is  heated  in  the  exchanger  and  at  the  heat  exchanger 
outlet  there  is  no  free  moisture.  The  temperature  is,  in  fact,  well 
above  the  dew  point  and,  when  the  system  is  operating  in  the  low  flow 
mode,  the  gas  is  in  proper  condition  for  pressurizing  and  inerting  the 
fuel  tanks.  The  demand  fuel  tank  pressurization  control  feeds  only  that 
portion  of  the  inerted  gas  required  for  pressurization  or  purging  into  the 
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tanks  and  the  remainder  is  discharged  overboard. 

For  operation  in  the  low  flow  mode  a  second  regenerative  heat  exchanger 
has  been  added  which  yields  substantially  dryer  gas.  In  this  mode,  the 
amount  of  gas  required  for  pressurization  and  purging  is  tapped  off  just 
downstream  of  the  fuel  heat  exchanger.  Because  of  the  favorable  mass 
flow  ratio  substantially  colder,  and  therefore  dryer,  air  is  possible.  In 
this  case  the  demand  control  system  throttles  the  inert  gas  stream  to 
maintain  the  necessary  flow  rate.  Turbine  effluent  is  discharged  over¬ 
board  under  this  mode  and  consequently  turbine  discharge  pressure  is 
closer  to  ambient  pressure  rather  than  fuel  tank  pressure.  This  lower 
turbine  discharge  pressure  is  another  factor  which  contributes  to  the 
lower  moisture  content. 

3.3.2  Alternate  Systems  Studies 

Systems  studies  which  were  conducted  in  establishing  this  system  included 
several  alternate  configurations.  Three  of  these  warrant  further  discussion. 

An  alternate  turbomachinery  configuration  was  examined  which  used  a 
portion  of  the  turbine  power  to  raise  the  system  pressure  level.  Although 
the  higher  pressure  aided  the  moisture  removal,  this  approach  was  dis¬ 
carded  because  it  had  insufficient  power  for  the  recirculating  fan.  In  the 
selected  system  the  condensate  is  used  as  a  heat  sink  by  being  sprayed 
into  the  ram  air  of  the  precooler.  This  approach  was  selected  over  the 
direct  boiling  of  the  water  in  a  separate  heat  exchanger  because  it  yields 
a  lower  temperature  sink  and  it  eliminates  the  need  for  ar.  additional  heat 
exchanger.  Lastly,  a  system  was  considered  which  used  a  water  separator 
downstream  of  the  turbine.  Superficially,  this  would  appear  to  be  a  better 
system  thermodynamically  because  it  permits  a  higher  turbine  inlet 
temperature  for  a  given  supply  moisture  level.  Were  it  not  for  the  in¬ 
creased  pressure  downstream  of  the  turbine  resulting  from  the  water 
separator  pressure  drop  this  alternate  system  would  be  superior,  but  the 
decreased  turbine  pressure  ratio  more  than  offsets  the  advantage  of  the 
higher  allowable  inlet  temperature.  A  substantial  pressure  drop  is  re¬ 
quired  in  the  water  separator  because  of  the  fineness  of  the  water  particles 
that  exist  at  the  turbine  outlet.  These  particles  are  on  the  order  of  one 
micron  in  size  and  must  be  coalesced  before  they  can  be  mechanically 
separated. 

3.4  System  Control  Selection 
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tanks  and  the  remainder  is  discharged  overboard. 

Fur  operation  in  the  low  flow  mode  a  second  regenerative  heat  exchanger 
has  been  added  which  yields  substantially  dryer  gas.  In  this  mode,  the 
amount  of  gas  required  for  pressurization  and  purging  is  tapped  off  just 
downstream  of  the  fuel  heat  exchanger.  Because  of  the  favorable  mass 
flow  ratio  substantially  colder,  and  therefore  dryer,  air  is  possible.  In 
this  case  the  demand  control  system  throttles  the  inert  gas  stream  to 
maintain  the  necessary  flow  rate.  Turbine  effluent  is  discharged  over¬ 
board  under  this  mode  and  consequently  turbine  discharge  pressure  is 
closer  to  ambient  pressure  rather  than  fuel  tank  pressure.  This  lower 
turbine  discharge  pressure  is  another  factor  which  contributes  to  the 
lower  moisture  content. 

3.3.2  Alternate  Systems  Studies 

Systems  studies  which  were  conducted  in  establishing  thiB  system  included 
several  alternate  configurations.  Three  of  these  warrant  further  discussion. 
An  alternate  turbomachiuery  configuration  was  examined  which  used  a 
portion  of  the  turbine  power  to  raise  the  system  pressure  level.  Although 
the  higher  pressure  aided  the  moisture  removal,  this  approach  was  dis¬ 
carded  because  it  had  insufficient  power  for  the  recirculating  fan.  In  the 
selected  system  the  condensate  is  used  as  a  heat  sink  by  being  sprayed 
into  the  ram  air  of  the  precooler.  This  approach  was  selected  over  the 
direct  boiling  of  the  water  in  a  separate  heat  exchanger  because  it  yields 
a  lower  temperature  sink  and  it  eliminates  the  need  for  ar.  additional  heat 
exchanger.  Lastly,  a  system  was  considered  which  used  a  water  separator 
downstream  of  the  turbine.  Superficially,  this  would  appear  to  be  a  better 
system  thermodynamically  because  it  permits  a  higher  turbine  inlet 
temperature  for  a  given  supply  moisture  level.  Were  it  not  for  the  in¬ 
creased  pressure  downstream  of  the  turbine  resulting  from  the  water 
separator  pressure  drop  this  alternate  system  would  be  superior,  but  the 
decreased  turbine  pressure  ratio  more  than  offsets  the  advantage  of  the 
higher  allowable  inlet  temperature.  A  substantial  pressure  drop  is  re¬ 
quired  in  the  water  separator  because  of  the  fineness  of  the  water  particles 
that  exist  at  the  turbine  outlet.  These  particles  are  on  the  order  of  one 
micron  in  size  and  must  be  coalesced  before  they  can  be  mechanically 
separated. 
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1  Control  Philosophy 


The  pcrfnrmnavi  ivqm rcnu uu;  im  Mu:  .system  rover  a  very  wide  range 
of  operating  conditions,  Inert  pas  flow  requirements  range  from  one 
Ih/min  at  most  renditions  to  so  Ib.'nun  at  other  flight  eondition.s  and  to 
t!00  Ibs/min  at  emergency  deseent  cimduious.  Gene  rally  H|)eaking,  these 
conditions  can  be  gruui>ed  into  the  two  ranges;  the  higher  occurri ng  at 
descent  and  tin;  lower  range  at  all  other  conditions.  As  discussed  in  the 
section  on  system  description,  there  are  two  modes  of  operation  which 
have  been  selected.  The  control  philosophy  was  to  minimize  the  com--' 
plexity  by  making  these  the  only  modes  that  need  be  considered.  More 
complex  control  concepts  wore  considered  in  the  study  but  were  found  to 
be  of  little  advantage.  The  magnitude  in  flow  rates  at  which  acceptable 
turbine  performance  could  be  achieved  was  actually  the  determining 
criteria  in  setting  the  flow  level  at  the  low  flow'  mode.  As  described  in 
the  earlier  sections,  the  system  was  designed  for  the  descent  requirements. 
System  studies  showed  that,  to  get  proper  oxygen  and  moisture  levels,  a 
minimum  turbine  nozzle  area  of  10%  of  the  design  area  must  be  maintained. 
Since  all  operating  conditions  other  than  descent  required  less  than  10%, 
it  was  permissible  to  adopt  a  control  scheme  which  would  waste  the 
difference  in  these  flow  requirements  and  the  10%  level.  This  excess 
flow  has  been  used  to  good  advantage  to  provide  drier  inert  gas.  A 
similar  philosophy  (minimum  complexity)  has  been  used  in  the  concepting 
of  the  other  controls.  Wherever  a  control  has  a  minimum  effect  on  system 
weight  and  aircraft  penalty,  the  simplest  control  approach  has  been  used. 

In  other  areas,  such  as  in  the  control  which  regulates  the  supply  of  inert 
gas  to  the  fuel  tanks  where  the  control  has  a  significant  effect  on  fuel 
tank  inerting  conditions,  a  somewhat  more  complex  control  has  been  used. 

In  some  control  elements  there  are  uncertainties  of  the  criticallity  of  their 
influence  on  system  operation.  In  these  areas  where  it  will  be  necessary 
to  have  experimental  data  to  resolve  these  uncertainties,  the  simplest 
control  approach  has  been  used.  The  controls  which  fall  in  this  latter 
category  include  start-up  controls,  the  fuel  flow  rate  controls,  and  the 
reactor-bed  temperature  controls. 

Despite  these  simplifications  to  the  controls,  the  resultant  system  requires 
relatively  complex  controls.  The  wide  variety  of  parameters  w'hich  must 
be  controlled  make  this  necessary.  Relief  in  system  requirements  and 
changes  to  the  system  schematic  offer  the  possibility  of  further  control 
simplification.  For  the  current  requirements  however,  these  controls 
are  essential  to  proper  operation. 
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In  mKlit ion  to  tlif so  controls,  a  means  of  monitoring  0-,  concentration 
sliould  be  inc luileil  in  the  final  system.  Such  a  device  has  not  been  in¬ 
cluded  in  this  study  because  it  would  not  have  a  control  influence  on  the 
system.  It  would  be  used  to  sense  the  oxygen  concentration  to  indicate 
when  the  specified  limit  was  exceeded  and  thereby  indicate  when 
catalyst  regeneration  or  replacement  was  necessary. 

3.4.2  Selected  Controls 


The  moisture  removal  subsystem  incorporates  three  basic  control 
functions;  a  control  in  the  precoolcr  to  minimize  ram  air  consumption 
and  the  corresponding  penalty,  a  control  on  the  fuel  flow  to  minimize 
heat,  addition  to  the  fuel,  and  a  control  to  prevent  snow  at  the  bypass 
regenerative  heat  exchanger  cold-side  inlet.  The  precooler  ram  air 
control  limits  ram  flow  to  maintain  a  minimum  hot-side  outlet  tempera¬ 
ture  of  90° F.  In  addition  to  minimizing  ram  flow,  this  control  also 
eliminates  the  possibility  of  freezing  in  the  precooler  on  cold  days.  There 
is  an  additional  function  of  this  control  which  limits  the  ram  air  control 
valve  maximum  area  to  five  square  inches  when  the  system  is  operating  in 
the  low-flow  mode.  This  area  is  sufficient  to  maintain  maximum  pre¬ 
cooler  effectiveness  when  in  this  mode.  The  fuel  heat  exchanger  control 
is  a  simple  on-off  control  which  turns  on  the  fuel  flow  to  the  exchanger 
when  the  ram  air  temperature  is  above  150°  F.  Freezing  conditions 
entering  the  regenerative  heat  exchanger  are  prevented  with  a  bypass 
around  the  turbine  which  maintains  a  temperature  of  35°  F  at  that  point. 

A  venturi  is  located  upstream  of  the  bypass  line  to  limit  the  flow  in  the 
high  flow  mode  when  bypass  is  occurring. 

The  catalyst -bed  subsystem  controls  are  simply  the  two-level  fuel  flow 
corresponding  to  tbs  high  -  and  low-flow  modes  and  the  bed  temperature 
controls.  The  latter  controls  modulate  ram  air  through  each  heat 
exchanger  to  maintain  the  temperature  leaving  the  succeeding  bed  to  a 
prescribed  level.  It  has  been  necessary  to  use  a  separate  control  on 
each  bt  ’  beeauoe  of  the  criticality  of  maintaining  proper  catalyst  tempera¬ 
tures.  The  experimental  data  on  the  catalyst  shows  very  vividly  the  strong 
influence  of  bed  temperature  on  reaction  rate.  A  single  control  on  all 
three  beds  could  not  hold  the  desired  bed  inlet  temperatures  and  corres¬ 
ponding  heat  fluxes  over  the  range  of  steady-state  and  transient  flight 
conditions.  This  influence  of  temperature  on  reaction  rate  is  typical  of 
catalyst  reactions  and  is  not  restricted  to  this  geometry. 

The  system  includes  two  additional  controls.  One  is  for  start-up  and 
consists  of  a  bypass  valve  around  the  catalyst  bed.  This  provides  direct 
bleed  air  to  the  cooling  turbine  for  driving  the  recirculating  fan.  The 
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second  control  is  an  emergency  bypass  valve  which  feeds  bleed  air 
directly  to  the  fuel  tank  pressurization  line  for  supplemental  flow  during 
rapid  descent. 

5  Comparison  of  the  T FA  and  the  11-1  System 

Schematically,  the  TFA  system  is  identical  to  the  Ii-1  system  with  the 
exception  of  one  control  function.  In  the  TFA  system  there  is  an  added 
control  function  which  will  switch  the  system  to  the  high  flow  mode  at 
the  time  the  aircraft  weapons  are  aimed.  This  will  provide  maximum 
flow  availability  instantaneously  during  combat  maneuvers.  Upon 
safetying  weapons,  the  control  will  switch  back  to  the  normal  mode,  which 
will  be  either  high-or  low-flow,  depending  on  the  flight  condition. 

Performance  of  the  TFA  will  be  similar  to  that  on  the  B-l,  with  the 
flow  reduced  to  approximately  6%  at  all  conditions.  The  system  weights 
will  be  reduced  correspondingly. 
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4.0 


SYSTEM  OPERATION 


4. 1  Start-up 

Normal  operation  of  the  fuel  tank  inerting  system  may  be  assumed  to  begin 
with  a  start  from  a  cold  condition.  Also,  it  is  reasonable  to  expect  that 
the  system  is  filled  with  air  as  a  result  of  leakage  transfer  with  the 
atmosphere  during  the  shutdown  period.  Once  operational,  the  system  is 
designed  to  run  continuously.  If,  however,  a  shutdown  occurs,  the  re-start 
procedure  would  follow  the  same  sequence  as  that  for  a  cold  start  since  it 
is  likely  that  the  system  would  cool  down  and  fill  with  air  as  a  result  of  a 
shutdown. 

The  start-up  procedure  to  be  followed  involves  a  sequence  of  events 
observed  to  be  necessary  to  accommodate  the  basic  nature  of  the  catalytic 
inert  gas  generator.  Specifically,  a  heat-up  period  is  required  before  the 
inerting  reaction  can  be  initiated.  When  the  so-called  "light-off"  tempera¬ 
ture  is  attained,  the  rate  of  fuel  addition  to  the  heated  air  must  be  low 
enough  to  enable  the  reactor  cooling  system  to  maintain  control  over 
catalyst  temperature.  Running  the  catalyst  on  a  pure  air/fuel  mixture 
leads  to  essentially  full  oxidation  of  the  fuel  in  the  first  catalyst  bed 
encountered.  This,  in  turn,  could  lead  to  a  rapid  overheating  in  the  first 
catalyst  if  excessive  fuel  was  available.  An  initial  mixture  of  approximately 
1.0%  fuel  in  air  (by  weight)  is  dictated  by  analysis. 

The  sequence  devised  to  achieve  the  desired  system  start-up  characteristic 
is  outlined  below.  Since  normal  start-up  is  envisioned  for  ground  opera¬ 
tion,  bleed  air  is  assumed  to  be  flowing  to  the  ejectors. 

a.  The  reactor  bleed  supply  valve  is  closed  and  the  start-up  bypass 
valve  is  opened. 

Thus,  the  system  begins  operation  with  air  driving  the  cooling 
turbine  and  the  gas  stored  in  the  reactor,  essentially  entrapped 
in  the  recirculating  loop  with  no  fresh  bleed  air  being  added. 

Also,  no  fuel  is  being  injected. 

b.  The  recirculating  flow  is  heated  to  500° F. 

This  represents  what  may  be  considered  a  minimum  "light’off" 
temperature  for  the  catalyst  employed.  The  actual  heating  of 
the  system  is  partially  accomplished  through  the  heat  generated 
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by  the  fan.  This  is  supplemented  by  an  electric  heater  which  locally 
heats  the  first  catalyst  bed.  The  required  size  of  the  healer  would 
depend  on  the  desired  start  time.  Without  the  electric  heater,  start¬ 
up  time  would  he  10  to  lf>  minutes  from  a  cold  soak  condition. 

e.  Fuel  flow  commences  at  a  mass  flow  rate  of  approximately  0 . 5  Ib/min, 
corresponding  to  approximately  1%  of  the  recirculating  flow'  rate. 

The  oxygen  in  the  recirculating  flow  is  thus  consumed  as  reaction 
is  initiated.  Cooling  flow  to  the  reactor  heat  exchangers  is 
available  as  becomes  necessary.  This  part  of  the  start-up 
sequence  would  last  for  a  predetermined  time  aimed  at  inerting 
the  atmosphere  within  the  recirculating  loop  before  fresh  bleed 
air  is  added. 

d.  The  start-up  bypass  valve  closes  as  the  reactor  bleed  supply  valve 
opens  and  the  fuel  injection  rate  is  adjusted  to  correspond  to  bleed 
flow. 

Normal  operation  of  the  system  is  thus  established.  During  this 
start-up  procedure  the  fuel  tank  pressure  control  system  w-ill  be 
functioning,  passing  most  of  the  system  flow  overboard. 

As  indicated  above,  considerable  detailed  design  analysis,  as 
well  as  experimentation,  remains  to  be  done  in  order  to  describe 
the  system  start-up  characteristic  precisely.  Establishing  this 
characteristic  would  be  included  in  a  suggested  follow-on  to  this 
preliminary  design  program. 

4.2  Steady-State 

In  order  to  accommodate  the  wide  range  of  inert  gas  flow  requirements 
encountered  over  a  flight  profile,  the  system  operates  according  to  a 
high/low-flow  mode  control  which  allows  adequate  flows  to  satisfy  the 
high  demand  of  descent  while  attempting  to  minimize  the  penalty  of  con¬ 
tinuous  operation  during  periods  of  low-flow  demand.  The  system  wall 
normally  be  operating  in  the  low-flow  mode.  This  means  that  normally 
only  10%  of  the  full  turbine  nozzle  area  will  be  utilized  and  the  ram  flow 
through  the  precooler  will  be  restricted  by  closing  the  discharge  valve 
to  a  position  providing  approximately  5  in^  effective  flow  area.  Also,  in 
the  low-flow  mode,  only  the  small  fuel  nozzle  will  be  in  use  supplying 
fuel  to  the  combustor.  Furthermore,  in  the  normal  low-flow  mode,  the 
inert  gas  flow  to  the  fuel  tanks  is  tapped  from  upstream  of  the  regenerative 
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heat  exchanger,  cooled  and  dehumidified  in  the  by  punts  regenerator  and 
throttled  at  the  tank  pressure  control  valve.  The  remaining  system  flow 
is  spilled  overboard. 

The  switching  from  the  normal  low-flow  mode  to  the  high-flow  (or  descent) 
mode  is  accomplished  by  the  use  of  a  pneumatic  rate  detector  which  is 
sensitive  to  rate  of  change  of  ambient  pressure.  During  descent,  a  signal 
will  be  provided  that  would  cause  the  following  changes  to  occur: 

a.  The  valve  at  the  turbine  inlet  would  open,  allowing  full  admission  to 
the  turbine  nozzles. 

b.  The  precooler  ram  air  control  valve  would  be  free  to  operate  full 
open. 

c.  The  reactor  fuel  supply  would  be  increased  by  permitting  flow  to  the 
large,  as  well  as  the  small,  fuel  spray  nozzle. 

d.  The  fuel  tank  pressure  control  function  would  switch  from  the  fuel 
tank  pressure  control  valve  to  the  overboard  spill  valve. 

e.  The  reactor  bed  temperature  control  would  switch  setting  from  1100°  F 
to  1337°F, 

The  signal  to  switch  would  be  overridden  by  an  attitude  bias  since  the 
fuel  tank  pressure  is  maintained  constant  above  25,000  feet.  Hence, 
changes  in  ambient  pressure  would  not  affect  fuel  tank  pressure  until 
the  descent  passes  through  that  altitude. 

4.3  Shut-Down 

Prior  to  the  shutdown  of  the  aircraft  bleed  air  supply,  inerting  system 
shut-down  control  will  sequence  the  removal  of  the  fuel  and  air  supplied 
to  the  catalytic  reactor.  The  fuel  supply  will  be  shut  off  first,  allowing 
for  a  short  operating  period  with  air  only.  This  procedure  serves  several 
purposes.  As  long  as  the  catalyst  beds  remain  hot  enough,  reaction  will 
continue  to  purge  the  system  of  fuel  vapors  and  to  provide  a  catalyst 
regeneration  period  wherein  any  coke  deposited  upon  the  catalyst  surface 
would  be  burned  off.  Once  all  reaction  is  completed,  the  bleed  air  flow 
will  provide  a  means  of  cooling  the  inerting  system.  Also,  operation  for  a 
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abort  time  without  reaction  would  allow  the  moisture  removal  subsystem 
to  run  relatively  dry.  This  would  provide  tor  drying'  the  components  which 
normally  run  wetted  by  acidic  condensate  from  the  products  of  reaction. 

During  the  shut-down  i*;riod,  all  control  systems  will  be  operating.  Since 
normal  shut-down  will  be  executed  on  the  ground,  cooling  by  means  of  the 
ejectors  will  be  available.  The  fuel  tank  pressure  control  will  puss  most 
of  the  system  flow  overboard  so  that  the  shut -flown  period  would  not 
serve  to  significantly  increase  the  oxygen  concentration  in  the  fuel  tanks. 


5.  0  SYSTEM  DESIGN 

This  section  contains  a  detailed  description  oi  the  various  components  of 
the  system  which  have  been  designed  to  meet  the  specified  requirements 
of  the  B-l  and  is  based  on  the  selected  system  schematic.  A  detailed 
design  analysis  of  the  catalyst  lias  been  included  which  can  be  correlated 
with  the  experimental  portion  of  this  program.  Installation-type  drawings 
are  presented  on  the  major  components.  Since  particular  installation 
requirements  will  have  a  direct  influence  on  the  shape  of  many  of  these 
components,  these  drawings  should  be  considered  to  be  merely  typical. 
Further  system  or  component  optimization  will  also  have  some  effect  on 
the  size  and  shape  of  each.  The  weight  summary  reflects  a  moderate 
amount  of  optimization,  and  the  installation  drawing  represents  one 
possible  arrangement  of  these  typical  sizes. 

5. 1  Materials  Selection 

Hamilton  Standard  conducted  an  extensive  study  *  several  years  ago  into 
the  best  material  for  use  In  a  gas  turbine  recuperator.  The  availability, 
corrosion  resistance,  and  mechanical  property  requirements  explored  in 
this  study  are  very  similar  to  those  of  the  inerted  gas  portion  of  the  Fuel 
Inerting  System. 

The  following  is  a  summary  of  the  recuperation  requirements  and  con¬ 
clusions.  The  characteristics  considered  necessary  for  this  application 
are  as  listed  below: 

a.  Availability: 

The  material  must  be  available  in  cold-rolled,  pickled  and  annealed 
sheets  and  foils  of  the  required  thickness  and  must  be  economical 
commensurate  with  other  requirements. 

b.  Corrosion  Resistance: 

(1)  Elevated  Temperature  Oxidation  -  The  material  must  have 
superior  resistance  to  elevated  temperature  (500-950°  F)  oxidation. 

(2)  Products  of  Combustion  -  The  material  must  have  superior 
resistance  to  oxidation  and  reduction  resulting  from  the  products 
of  combustion  and  breakdown  of  JP-5  or  diesel  fuel  at  operating 
temperatures  from  500°  F  to  950°F. 


*  Hamilton  Standard  Technical  Study  for  Marine  Gas  Turbine  Recuperators, 
EP  64304,  March  5,  1964 
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(3)  Salt  WuU’i'  Pitting  -  The  material  must  be  resistant  to  pitting; 
induced  by  the  presence  ol  stagnant  salt  water  oi'  varying  con* 
eentrations,  (This  is  a  result  ol  salt  atmosphere  contamination 
during  recuperator  shut-down  periods.) 

(4)  Chloride-Ion  Stress  Corrosion  Cracking  -  The  material  must 
have  superior  resistance  to  chloride-ion  stress  cracking  al 
temperatures  of  500-91)0°  F  because  of  Balt  water  ingestion.  (The 
required  brazing  alloys  and  welding'  filler  rods  must  be  equally 
resistant  to  the  above  corrosion  environments.) 

c.  Mechanical  Properties: 

(1)  Tensile  Properties  -  Must  be  considered  good  over  the  entire 
operating  and  transient  temperature  range  (room  temperature 
to  1350°  F). 

(2)  Short-Time  Creep  and  Stress  Rupture  Properties  -  Must  exhibit 
high  values  at  temperatures  up  to  1350°  F. 

The  combined  corrosion  resistance  and  mechanical  property  requirements 
complicated  the  material  selection  since  all  of  these  requirements  are  not 
generally  encountered  together.  The  groups  of  materials  considered  for 
single  or  partial  combinations  of  the  above  requirements  were  investigated 
for  applicability  to  this  recuperator  program.  They  were  as  listed  below. 

Titanium  and  Titanium  Alloys 

Inconel  Alloys 

Incoloy  Alloys 

Ni-O-Nel  Alloys  (Nickel-Iron-Chromium) 

Monel  Alloys 

Copper-Nickel  Alloys 

Electrolytic  and  Electroless  Nickel  Plate  on  high  strength,  low  alloy- 
steels 

Low  alloy  steels  were  not  considered  due  to  their  low  resistance  to  high 
temperature  oxidation,  while  stainless  steels  (austenitic  and  martensitic) 
were  not  considered  because  of  their  high  susceptability  to  stress  cor¬ 
rosion  cracking.  The  relative  ratings  of  the  various  materials  considered 
are  presented  in  tabular  form  below.  The  results  of  these  studies  in¬ 
dicate  that  Incoloy  800,  Titanium  Alloy  600  are. both  suitable,  considering 
their  corrosion  resistant  characteristics.  However,  since  Incoloy  800 
is  the  best  from  a  fabrication  viewpoint,  it  was  chosen  for  this  application. 
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Corrosion  Resistance 


Elevated 

Products 

Salt 

Llev  'lump 

Avu  L 1 - 

Temp 

of  Fuel 

Water 

Stress 

Mechanical 

Material 

ability 

Oxidation 

Goirbustion 

Pitting 

Corrosion 

Properties 

Copper-Nickel 

Good 

Poor 

Unknown 

Excel 

Excel 

Fair 

Alloys 

Monel  Alloys 

Good 

Unknown 

Poor 

Excel 

Fair 

Good 

Nickel  Plate 

Excel 

Poor 

Poor 

Good 

Unknown 

Good 

on  High 
Strength-Low 
Alloy  Steels 
Inconel  Alloys 

Good 

Excel 

Good 

Good 

Excel 

Excel 

Incoloy  Alloys 

Good 

Excel 

Excel 

Excel 

Excel 

Excel 

Ni-O-Nel 

Fair 

Excel 

Excel 

Excel 

Good 

Good 

Alloys 

Titanium 

Good 

Fair 

Excel 

Excel 

Excel 

Excel 

Alloys 

For  the  Fuel  Tank  Inerting  System,  all  components  exposed  to  the 


products  of  combustion  or  the  resulting  acids  will  be  fabricated 
of  Incoloy  800  or,  in  cases  where  higher  strength  or  castings  are 
required,  of  Inconel  alloys  unless  otherwise  stated  in  the 
individual  component  description. 


5.2  Catalyst -Bed  Design  Analysis 

The  mathematical  analysis  of  the  series-bed  recycle  system  was 
based  on  the  schematic  diagram  presented  in  Figure  2.  For 
convenience,  the  analysis  was  carried  out  on  the  basis  of  1  Ib/hr 
of  wet  gas  leaving  the  final  reactor  segment,  with  an  appropriate 
scale  factor  being'  applied  to  translate  the  results  to  the  specific 
ballast  gaB  demand  for  a  given  aircraft  and  operational  mode. 
Details  of  the  calculation  methods  are  presented  in  Appendix  I, 

so  that  only  a  brief  explanation  of  the  approach  is  given  here. 

i 
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5.2.  t  Design  Approach 

The  methods  used  to  calculate  the  steady-state  performance  of  this  system 
Involve  four  basic  relationships; 

•  material  balances  around  the  total  system  and  around  each  reactor 
segment  individually 

•  heat  balances  around  each  reactor  segment  (assumed  to  be  adiabatic) 

•  a  chemical  reaction  rate  expression  , 

•  an  empirical  relationship  for  estimating  pressure  drop  through  the 
catalyst  beds 

The  first  two  relationships  describe  how  the  Bystem  functions  in  terms  of 
flow  rates,  conversion  levels,  and  temperature  rise  in  each  of  the  com¬ 
ponent  segments.  The  amount  of  catalyst  required  is  then  calculated  from 
the  reaction  rate  expression.  Based  on  earlier  studies,  a  pseudo-first 

order  rate  expression  of  the  type  „  0,r  1 

J  Kt  =  SV  (In  —  ) 

was  used.  This  expression  states  that  at  a  given  temperature  (taken  as 
the  reactor  "hot-spot"  temperature  in  this  application)  the  product  of  the 
space  velocity  (SV)  and  a  function  of  fractional  oxygen  conversion  (X)  Is 
constant  (the  reaction  rate  constant,  ICj.).  Space  velocity  is  defined  as 
the  volume  of  gas  flowing  per  unit  time  per  unit  volume  of  catalyst,  and 
thus  may  be  considered  as  the  reciprocal  of  the  "residence  time"  in  the 
reactor.  When  conversions  and  flow  rates  are  known,  space  velocities  and 
hence,  catalyst  weights,  may  then  be  calculated  for  each  reactor  segment. 
For  the  preliminary  design  studies  reported  here,  a  reaction  rate  constant 
of  194,000  hr_l  at  a  catalyst  "hot-spot"  temperature  of  1337°  F  (725°C-the 
maximum  allowable  operating  temperature  for  the  catalyst)  was  used.  It 
Is  important  to  note  that  the  rate  constant  is  a  strong  function  of  tempera¬ 
ture  (decreases  at  lower  temperatures).  Throughout  this  analysis,  the 
implicit  assumption  is  that  inlet  temperatures  to  each  reactor  segment 
will  be  adjusted  so  as  to  maintain  the  reactor  hot-spot  at  the  specified 
temperature  at  all  times. 

The  pressure  drop  expression  utilized  in  this  analysis  is  based  on 
correlations  reported  in  the  literature  for  flow  through  packed  beds. 
Adapted  to  the  present  application  it  takes  the  form: 

P  -  K  (  -~X®*)  (SV)  1. 85  (  l  )  2. 85 
pave 
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indicating  that  the  pressure  drop  in  each  segment  in  an  exponential  lunetion 
of  sp;u'o  velocity  and  hod  thickness  (  /  ),  but  ns  independent  of  the-  scale  of 
operation. 

Design  Pa ranmU  i'a 

For  the  system  as  depicted  in  Figure  2,  assigning  values  to  the  following 
major  parameters  ^independent  variables)  is  sufficient  to  fix  the  system  * . 

•  number  of  beds  in  series 

•  recycle  ratio 

•  overall  oxygen  conversion 

•  air  flow  coefficients  (describing  the  distribution  of  bleed  air  among 
reactor  segments) 

•  conversion  coefficients  (describing  how  the  total  amount  of  conversion 
is  to  be  apportioned  among  the  beds) 

With  these  inpits,  the  following  dependent  parameters  may  then  be 
calculated  for  each  reactor  segment: 

•  conversion  level 

•  oxygen  concentrations  entering  and  leaving 

•  temperature  rise 

•  catalyst  weight 

•  catalyst  cross-section 

•  pressure  drop 

The  above  represents  a  "general  case".  Obviously,  there  are  many 
possible  combinations  of  the  independent  variables  (particularly  with 
regard  to  the  distribution  of  air  flow  and  conversion  among  beds),  so 
that  an  extremely  large  number  of  reactor  configurations  could  be  cal¬ 
culated.  In  practice,  it  may  be  desirable  to  place  other  restrictions  on 
the  system.  For  example,  if  the  amount  of  conversion  in  each  bed  is 
assumed  to  be  proportional  to  the  flow  through  that  bed,  the  temperature 


Assuming  that  the  ballast  gas  demand,  reaction  rate  constant,  overall 
fuel/air  ratio,  average  pressure  and  minimum  catalyst  bed  thickness 
have  been  specified. 
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riHi;  in  each  bed  at  design  flow  will  be  equal  and  may  be  specified. 
Similarly,  the  air  flow  distribution  may  be  made  proportional  to  the 
total  flow  through  each  bed  (so  that  the  temperature  rise  in  each  bed 
would  be  approximately  equal  at  low  flows  when  conversion  in  each  bed 
approaches  100%).  When  the  above  restrictions  are  applied,  and  a 
temperature  rise  is  specified,  the  required  recycle  ratio  may  then  be 
treated  as  a  dependent  variable. 

Six  computational  cases  have  been  programmed  for  solution  by  the  com¬ 
puter.  These  cases  differ  with  regard  to  the  variables  which  are  specified, 
and  the  restrictions  which  apply,  as  shown  In  Table  I.  Case  6  is  of 
particular  interest  in  that  it  can  be  used  to  determine  the  effect  on  system 
performance  of  changes  in  parameters  once  the  catalyst-bed  weights  have 
been  determined  for  a  previous  set  of  parameters. 

In  the  following  section,  the  results  of  a  series  of  computer  runs  based 
on  several  of  the  cases  listed  In  Table  I  are  presented  and  discussed. 

5.2.3  Results  and  Discussion 


a.  General  Parametric  Study 

Tables  II  and  III  summarize  the  results  of  the  computer  runs  made  in  the 
course  of  this  analysis.  (Detailed  results,  In  the  form  of  computer  print¬ 
out  sheets,  are  given  in  Appendix  II.)  The  runs  in  Table  II  were  made  to 
determine  the  general  effects  of  variations  in  specific  parameters. 
Catalyst  weights  and  bed  areas  are  scaled  to  a  ballast  gas  demand  of 
80  lbs/min  for  the  B-l  bomber.  First,  a  series  of  runs  was  made  using 
computer  case  3  to  explore  the  effect  of  variations  in  conversion  level, 
number  of  reactor  segments,  and  the  recycle  ratio.  In  this  series,  the 
air  flow  was  assumed  to  be  split  equally  among  beds.  Temperature  rise 
at  design  flow  was  held  constant  among  reactor  segments  in  any  one  run, 
but  varied  among  runs  with  variations  in  the  other  parameters. 

Another  series  of  runs  was  made  using  computer  case  4.  In  this  case, 
air  flow  was  distributed  in  proportion  to  the  total  flow  through  each 
segment.  For  many  of  the  runs  in  this  series,  the  temperature  rise 
at  design  flow  was  fixed  at  595°  F,  which  would  be  near  the  maximum 
tolerable  temperature  rise,  assuming  a  gas  inlet  temperature  of  about 
700°  F. 
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DESIGN  FLOW:  80  lbs./min. 


FIGURE  4.  EFFECT  OF  NUMBER  CATALYST  BEDS  IN  SERIES  CONFIGURATION 
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Analysis  of  the  results  given  in  Table  II  shows  that  both  total  catalyst 
weight  and  the  oxygen  concentration  entering  the  first  reactor  stage  are 
governed  primarily  by  the  overall  oxygen  conversion  level,  and  are  much 
less  sensitive  to  recycle  ratio  or  the  number  of  bedB  in  aeries.  This  ia 
illustrated  in  Figure  3,  which  shows  that  catalyst  weight  increases  sharply 
at  conversions  above  about  85%.  The  range  of  weights  indicated  at  81%  con¬ 
version  (±  about  10%)  covers  variations  In  recycle  ratio  from  0.55  to  0.75, 
in  number  of  beds  from  2  to  4,  and  in  temperature  rise  from  320°  F  to 
620°  F.  Catalyst  weight  is  also  inversely  proportional  to  the  reaction 
rate  constant  so  that,  for  example,  if  the  rate  constant  were  actually  25% 
lower  than  the  assumed  value,  the  weight  required  for  a  given  conversion 
would  be  about  33%  higher.  Experimental  data  indicate,  however,  that 
the  value  for  the  rate  constant  used  in  the  design  analysis  (K  -  194, 000  hr-1) 
is  approximately  correct  In  the  region  of  principal  interest. 

Inlet  oxygen  concentration,  as  expected,  decreases  with  increasing  overall 
conversion.  (In  this  presentation,  all  oxygen  values  are  given  in  weight 
percent.  On  a  valume  basis,  the  values  would  be  about  10%  lower).  The 
exit  concentration  is  uniquely  determined  by  overall  conversion;  inlet 
concentration  then  depends  on  the  amount  of  recycle  and  the  proportion 
of  bleed  air  fed  to  each  reactor  segment.  If  the  temperature  riBe  in  each 
bed  is  to  be  maintained  at  about  600°  F,  the  inlet  oxygen  concentration  must 
be  maintained  at  about  3%  as  overall  conversion  approaches  100%. 

It  is  of  interest  to  note  that,  for  the  configurations  represented  by  the  runs 
in  Table  II,  the  inlet  and  outlet  concentrations  were  nearly  the  same  for 
all  of  the  beds  in  series.  For  example,  in  Run  10,  with  six  beds,  inlet 
oxygen  concentrations  ranged  only  from  5.9%  in  the  first  bed  to  6.2%  in 
the  last.  Similarly,  exit  concentration  ranged  from  3.0  to  3. 3%. 

Figure  4  shows  how  varying  the  number  of  beds  in  the  series  configuration 
affects  the  other  parameters.  Data  for  this  plot  were  taken  from  the  runs 
under  case  4,  with  overall  conversion  and  temperature  rise  constant  at 
85%  and  595°  F  respectively.  Note  that  catalyst  weight  changes  only 
slightly  as  the  number  of  beds  is  increased  from  one  to  six.  Recycle  rate 
must  be  decreased  in  order  to  maintain  the  desired  temperature  rise.  The 
bed  area  and  pressure  drop  curves  assume  a  minimum  bed  thickness  (i.  e. , 
the  thickness  of  the  smallest  bed)  of  one  Inch.  With  bed  thickness  fixed 
and  catalyst  weight  essentially  constant,  the  cross-sectional  area  per 
catalyst  bed  is  inversely  proportional  to  the  number  of  beds,  while  the 
pressure  drop  Increases  approximately  as  the  square  of  the  number  of 
beds.  If  beds  thinner  than  1"  could  be  utilized,  pressure  drop  would  de¬ 
crease  markedly,  (AP  a  l  2.85),  but  cross-sectional  area  would 
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i no  re uai'.  Who  re  the  ballast  gas  demand  in  large,  as  in  the  case  ol  the 
B-l  bomber,  the  eroHH-He«:tional  area  required  even  at  1"  bed  thickness 
may  present  a  significant  problem  with  regard  to  obtaining  uniform 
distribution  of  flow  across  the  bed  face. 

Pressure  drop  is  also  strongly  affected  by  space  velocity  (AP  l.«5). 

Thus,  if  it  is  desired  to  save  catalyst  w'eight  by  operating  at  higher  space 
velocities  and  lower  overall  conversions,  a  penalty  in  increased  pressure 
drop  must  be  accepted  (assuming  the  number  of  beds  remains  unchanged). 
Compare,  for  example,  runs  8  and  24,  Table  II. 

Of  the  runs  presented  in  Table  IT,  run  8  appears  to  represent  a  reasonable 
trade-off  among  the  various  parameters.  By  operating  at  a  relatively 
high  overall  conversion  level  (85%),  it  is  possible  to  maintain  low  oxygen 
concentrations  throughout  the  system  and  a  reasonable  pressure  drop, 
without  using  an  excessive  weight  of  catalyst.  This  set  of  conditions  has 
an  advantage  over  other  configurations  involving  lower  overall  conversions 
in  that  a  greater  degree  of  catalyst  deactivation,  if  encountered  during 
use,  could  be  tolerated  before  the  oxygen  in  the  ballast  gas  reached  an 
unsafe  level.  It  would,  of  course,  be  possible  to  decrease  the  size  of 
the  reactor  system  somewhat  by  bypassing  sufficient  bleed  air  to  bring 
the  exit  ballast  gas  up  to  about  6%  oxygen,  but  this  would  eliminate  the 
margin  allowed  for  deactivation  or  other  malfunction. 

b.  Special  Runs 

The  general  parametric  study  just  discussed  led  to  the  selection  of  the 
reactor  configuration  in  Run  8  as  a  "base"  design.  Several  additional 
runs  were  then  made  to  explore  the  effects  of  a  slight  modification  to  this 
configuration,  and  of  operation  under  "off-design"  conditions.  The  results 
of  these  runs  are  summarized  in  Table  III. 

Run  8  describes  a  three-bed  series  reactor,  with  recycle,  operating  at  an 
overall  conversion  level  of  85%,  and  with  a  temperature  rise  at  design 
flow  of  595°F  In  each  bed.  Because  of  design  restrictions  placed  on  the 
system,  the  catalyst  beds  in  all  of  the  runs  made  in  the  general  parametric 
study  are  of  unequal  weight.  Thus,  in  Run  8,  the  first,  second,  and  third 
bed  weights  were  17,  19,  and  23  lbs,  respectively.  In  practice,  it  would 
be  desirable  for  all  beds  to  be  the  same  size,  for  ready  interchangeability, 
minimum  inventory,  etc.  In  Run  9,  therefore,  equal-sized  beds  (20  lbs 
each)  were  assumed.  The  results  in  Table  III  indicate  that  this  change  had 
very  little  effect  on  overall  conversion,  reduced  the  pressure  drop,  and 
introduced  an  appreciable  imbalance  in  the  temperature  rise  among  the 
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hod  a.  It  would  undoubtedly  be  possible  to  reduce  this  imbalance,  if 
desired,  by  adjusting  the  air  flow  aplit  to  feed  less  bleed  air  to  the  first 
bed. 

Under  actual  flight  conditions,  the  ballast  gas  demand  will  vary  over  a 
wide  range.  Maximum  normal  demand  will  occur  during  powered  descent. 
For  the  B-l  bomber,  this  demand  has  been  estimated  at  80  lbs/min,  and 
is  taken  as  the  "design  flow"  for  the  re  actor.  To  simplify  the  "turn-down" 
problem,  it  has  been  assumed  that  the  reactor  will  operate  in  only  two 
modes:  a  high-flow  mode  (80  lbs/min  for  powered  descent),  and  a  low-flow 
mode  (8  lbs/min).  During  all  normal  operation  other  than  powered  descent 
(ascent,  cruise,  etc.),  ballast  gas  demand  will  be  less  than  8  lb/min,  and 
the  excess  will  be  vented. 

Runs  12  and  13  were  made  to  determine  the  effect  of  operating  the  system 
at  a  ballast  gas  flow  rate  of  2  1/2  times  design  flow,  simulating  emergency 
descent  conditions.  For  this  condition,  it  was  estimated  by  Hamilton 
Standard  that  the  recycle  rate  would  be  limited  by  fan  capacity  to  a  value 
of  about  0. 375.  The  calculations  for  these  two  runs  indicate  that  excessive 
temperature  rise  and  high  Inlet  oxygen  concentrations  would  result, 
particularly  for  the  equal-bed-weight  case. 

In  run  22,  the  low-flow  mode  of  operation  was  simulated,  using  the  equal 
bed  weights  assumed  for  run  9.  For  the  low-flow  mode,  a  recycle  ratio 
of  about  0.  9  was  determined  based  on  the  turndown  limitations  of  the  fan. 
Because  of  this  high  recycle  rate,  the  calculation  for  run  22  assumes  that 
all  of  the  bleed  air  would  be  fed  to  the  first  reaction  segment.  The  results 
indicate  an  overall  conversion  level  of  100%,  with  most  of  the  reaction 
occurring  in  the  first  bed.  The  temperature  rise  in  that  bed  would  be 
relatively  low,  so  that  minimum  cooling  of  the  recycle  gases  would  be 
required.  If  the  first  bed  were  operated  at  about  100° F  below  the  maximum 
allowable  catalyst  temperature  (approximately  1337° F),  no  cooling  between 
beds  should  be  required. 

Run  19  was  made  to  estimate  the  effects  of  catalyst  deactivation.  The  beds 
were  sized  as  in  run  8  for  a  reaction  rate  constant  of  194, 000  hr-1,  but  the 
calculations  assume  that  catalyst  activity  has  declined  to  a  level  correspond¬ 
ing  to  a  rate  constant  of  150,000  hr“^.  The  results  indicate  the  overall 
conversion  would  decrease  only  to  80%,  with  correspondingly  modest  in¬ 
creases  in  both  inlet  and  exit  oxygen  concentrations. 
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The  computer  runs  made  for  this  study  by  no  means  exhaust  the  |K)ssible 
combinations  of  all  the  design  parameters.  They  do  serve  to  define  the 
general  effects  of  the  more  important  variables,  however,  and  show  how 
they  may  be  manipulated  to  accommodate  system  limitations  such  as  max¬ 
imum  bed  temperature,  pressure  drop,  etc.  Further  exploration  of  the 
effects  of  the  distribution  of  bleed  air  and  conversion  among  beds  would 
probably  be  desirable  in  an  optimization  study,  but  would  not  drastically 
change  the  picture  as  shown  in  this  analysis. 

One  alternative  to  the  three-bed  scries  configuration  (represented  by  run 
8  or  9)  which  appears  worthy  of  further  consideration,  is  the  single-bed 
reactor  with  recycle.  Such  a  system  would  have  several  potential  ad¬ 
vantages  over  the  series-bed  arrangement.  Control  of  the  reaction  should 
be  simpler  than  in  the  series-bed  situation  where  all  beds  interact  with 
one  another.  The  number  of  heat  exchangers  would  be  reduced  and  could 
probably  be  sized  more  efficiently,  and  with  smaller  pressure  drop.  The 
single-bed  reactor  could  also  be  operated  at  close  to  the  stoichiometric 
fuel/air  ratio,  thus  minimizing  the  potential  coking  problem  of  the  series- 
bed  reactor  operating  with  split-air. 

The  principal  disadvantage  of  the  single-bed  concept  is  the  large  catalyst 
cross-section  required.  As  shown  for  run  21,  Table  II,  the  area  required 
for  a  single  1-inch  thick  bed  would  be  about  17  ft^.  pressure  drop  was 
only  0.35  psi,  however.  If  one  assumes  that  a  somewhat  higher  pressure 
drop  would  be  allowable  for  the  single  bed  system  than  for  the  series-bed 
(less  pressure  loss  in  auxiliary  equipment),  and  that  improvements  in  the 
catalyst  are  possible  (use  of  larger  particle  size  without  loss  of  activity), 
an  increase  in  bed  thickness  to  2"  with  a  corresponding  50%  decrease  in 
bed  area  appears  feasible.  Breaking  the  single  bed  up  into  a  number  of 
smaller  beds  operating  In  parallel  might  simplify  the  configuration  from  a 
mechanical  standpoint  and  ease  the  problem  of  obtaining  uniform  distribu¬ 
tion  of  gases  over  the  catalyst  surface. 

Another  possible  feature  which  might  be  considered  in  connection  with  the 
series  bed  reactor  is  the  addition  of  a  "clean-up"  bed  following  the  three 
principal  reactor  beds.  This  bed  could  be  operated  at  low  space-velocity 
with  no  further  addition  of  oxygen,  and  would  serve  to  complete  the 
oxidation  of  excess  fuel  and  partial  combustion  products  In  the  reactor 
exit  gaB  when  operating  at  design  flow,  should  this  appear  desirable. 


Catalytic  Bed 
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Thu  catalytic  bud  shown  in  Figure  fi,  has  boon  made  in  a  cylindrical  con¬ 
figuration  with  a  large  flow  arua  entering  to  enhance  uniform  flow  (lis- 
tribution  through  it.  The  cylindrical  configuration  also  allows  the  reactor 
heat  exchanger  headers  to  be  made  as  cylindrical  pressure  vessels. 

The  catalyst  is  manufactured  in  the  form  of  small  pellets  about  0.00  inches 
in  diameter  and  0. 12  Inches  long.  To  hold  these  pellets,  a  sheet  metal 
and  screen  frame  Is  used.  A  20x20  mesh  Bcreen  is  used  to  contain  the 
pellets  and  a  3x3  mesh  screen  is  used  for  structural  support  of  the  cylinder. 
A  sheet  metal  dome  closes  one  end  of  the  cylinder  and  is  provided  with  a 
14.  0  inch  diameter  flange  for  installation  and  mounting  support.  This 
dome  may  be  unbolted  from  the  cylindrical  screen  so  that  the  catalytic 
pellets  can  be  periodically  replaced.  In  the  cylindrical  frame  near  the 
dome,  several  Belleville  type  springs  are  used  to  load  the  pellets  and 
to  compensate  for  any  settling. 

This  catalytic  bed  is  used  in  all  three  reactor  heat  exchangers  and  is 
interchangeable  from  one  to  another. 

5.3  Heat  Exchanger.  Reactor  (No  1  &  21 

The  first  and  second  Reactor  Heat  Exchangers  are  identical  units  and  are 
shown  in  Figure  6.  The  heat  exchanger  core  is  of  plate  and  fin  design  and 
is  fabricated  of  Incoloy  800.  The  products  of  combustion  exiting  from  the 
catalytic  bed  and  ram  cooling  air  each  make  a  single  pass  through  the  core. 
The  core  dimensions  are  as  follows : 

Hot  flow  length  =  7. 36  inches 
Cold  flow  length  =  12. 19  inches 
No  flow  length  =  24. 68  inches 

The  hot  side  inlet  header  is  a  partial  cylindrical  pressure  vessel  shell 
welded  to  the  core.  A  14. 0  inch  diameter  flange  is  provided  for  installa¬ 
tion  of  the  catalytic  bed.  Recirculated  gas  with  fuel  added  enters  through 
a  2. 0  inch  diameter  flange.  The  gas  leaving  the  heat  exchanger  core  exits 
through  an  11. 0  inch  diameter  flange. 

The  ram  cooling  air  enters  the  core  through  a  rectangular  "picture  frame" 
type  flange  and  exits  through  a  sheet  metal  header  with  an  8. 0  inch  diam¬ 
eter  flange. 
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FIGURE  5.  CATALYTIC  BED 
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The  hot  gas  outlet  and  ram  air  outlet  locations  may  be  modified 
significantly  If  required  to  meet  the  installation  space  envelope  available. 
Heat  exchanger  mounting  provisions  (not  shown  on  drawing)  are  dependent 
upon  the  Installation  position  of  the  unit,  however,  mounts  may  be  welded 
to  the  two  end-sheets  of  the  core. 

5.  4  Heat  Exchanger,  Reactor  (No.  3) 

The  third  Reactor  Heat  Exchanger  is  similar  in  design  to  Reactor  Heat 
Exchangers  l  &  2  except  that  it  has  a  larger  core  in  order  to  reduce  the 
hot  gas  temperature  to  a  lower  level.  It  is  shown  in  Figure  7.  The  core 
dimensions  are  as  follows: 

Hot  flow  length  -  13.63  inches 

Cold  flow  length  =  10.87  inches 

No  flow  length  =  25.26  Inches 

The  header  arrangement  is  similar  to  Reactor  Heat  Exchangers  1  &  2 
except  that  the  ram  cooling  air  exit  flange  is  10.0  inches  in  diameter. 

5.5  Assembly  of  Reactor  Heat  Exchanger  and  Catalytic  Bed 

The  catalytic  bed  is  designed  to  slide  into  the  Reactor  Heat  Exchanger 
hot  gas  inlet  header  through  the  14.0  inch  diameter  installation  flange 
and  is  held  in  place  by  a  "V"  band-type  coupling  at  the  insertion  end  and 
a  slip  fit  on  the  gas  inlet  end  of  the  header.  This  arrangement  allows 
the  catalytic  bed  to  be  replaced  periodically  without  dismantling  the  three 
reactor  heat  exchangers  or  their  associated  ducting.  This  design  feature, 
which  permits  quick  removal  of  the  catalyst  for  regeneration  or  replace¬ 
ment,  was  considered  as  an  essential  feature  of  the  design.  At  this  point 
in  the  program  too  little  is  known  about  the  ultimate  life  of  the  catalyst. 

It  has  been  added  even  though  operation  procedures  have  been  established 
which  will  supposedly  regenerate  the  catalyst  during  normal  shut-down 
operation.  If  more  extensive  operational  data  on  the  catalyst  shows  that 
frequent  replacement  is  unnecessary,  this  feature  can  be  eliminated  with 
a  corresponding  weight  reduction. 

Recirculated  gas  mixed  with  fuel  enters  the  header  through  an  11.0  inch 
diameter  inlet.  Bleed  air  enters  through  a  2. 0  inch  diameter  duct.  In¬ 
side  the  header  this  duct  is  perforated  to  allow  the  bleed  air  to  mix  with 
the  fuel/gas  mixture.  This  mixture  then  flowB  radially  through  the 
catalytic  bed  where  the  oxygen  in  the  bleed  air  reacts  with  the  fuel.  Hot 
gas  leaving  the  catalytic  bed  enters  the  core  of  the  heat  exchanger  where 
It  Is  cooled  by  ram  air.  This  process  is  repeated  three  times  in  the 
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reactor  portion  of  the  system.  Figure  8  shows  the  assembly. 

5.0  Fuel  Injector.  Nozzles  &  Shut-Off  Valves 

The  fuel  injector  consists  of  a  4.0  inch  diameter  duct  formed  into  a 
venturi  shape  which  acts  as  a  mixing  section  for  the  fuel-gas  mixture. 

Two  solenoid  valves  and  two  spray  nozzles  control  the  fuel  flow  into  the 
venturi.  The  valves  are  on-off  type  which  give  a  selection  of  low  fuel 
flow  (0.7  Ib/min)  or  high  fuel  flow  (0.57  lb /min).  The  valves  act  only  as 
a  means  of  switching  flow.  Figure  9  gives  details  of  components.  The 
flow  rate  is  controlled  by  an  orifice  in  each  spray  nozzle,  one  nozzle 
operates  during  the  low-flow  condition  and  both  nozzles  operate  for  the 
high-flow  rate.  The  fuel  supply  pressure  will  have  to  be  specified  by 
the  customer  so  that  the  nozzle  orifices  may  be  properly  Bized. 

In  both  the  high-  and  low-flow  modes,  the  fuel  entering  the  valves  passes 
through  both  solenoids  and  provides  cooling.  The  valveB  are  coaxial  in 
design  and  compactness  is  achieved  by  having  the  solenoid  plunger  carry 
the  valve  poppet  seal.  The  valves  are  designed  to  operate  at  temperatures 
ranging  from  -65°  F  to  +450°  F.  The  following  is  a  tabulation  of  electrical 
data. 

Voltage  -  18  to  30  volts  DC 
Duty  -  continuous 

Dielectric  Strength  -  1000  volts  RMS  minimum 

Current  Draw  -  1.5  amps  max  to  30  VDC  and  70°F  for  each  solenoid 

5.7  Heat  Exchanger,  Precooler 

The  precooler  is  a  plate  and  fin  type  design  fabricated  of  Incoloy  800 
material  as  shown  in  Figure  10.  Inerted  gas  flow  makes  two  passes 
through  the  core  while  ram  cooling  air  makes  a  single  pass.  The  core 
dimensions  are  as  follows: 

Hot  flow  length  =  18.10  inches 
Cold  flow  length  =  11.90  Inches 
No  flow  length  =  29.97  Inches 

Inerted  gas  enters  and  leaves  the  unit  through  4.0  inch  diameter  flanges. 

A  water  collector  is  provided  on  the  outlet  duct  to  collect  water  which 
condenses  in  the  core. 
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The  water  collected  at  the  precooler  and  other  downstream  heat  exchanger 
outlets  is  sprayed  into  the  ram  cooling  air  duct  upstream  of  the  precooler. 
This  flow  enters  the  precooler  through  a  rectangular  "picture  frame"  style 
flange.  The  ram  air  exits  through  a  L3.0  inch  diameter  flange. 

5. 8  Heat  Exchanger,  Fuel 

The  fuel  heat  exchanger  is  a  plate  and  fin  type,  cross-counterflow  design 
fabricated  of  Incoloy  800  material  and  Is  shown  in  Figure  11.  Fuel  makes 
four  passes  and  the  inerted  gas  makes  a  single  pass  through  the  core. 

The  core  dimensions  are  as  follows: 

Hot  flow  (gas)  length  -  7.55  inches 
Cold  flow  (fuel)  length  =  6.61  inches 
No  flow  length  «=  7.28  inches 

Fuel  enters  and  leaves  the  unit  through  1.50  inch  diameter  flanges.  The 
inerted  gas  enters  and  exits  through  4. 0  inch  diameter  flanges.  The  gas 
outlet  header  contains  a  water  collector  and  drain  boss  for  collecting 
water  vapor  which  condenses  exit  in  the  heat  exchanger  core. 

5.9  Heat  Exchanger.  Regenerative 

The  regenerative  heat  exchanger  is  of  plate  and  fin  type  construction  and 
fabricated  of  Incoloy  800,  and  shown  on  Figure  12.  The  operating 
temperatures  of  this  unit  are  quite  low  (about  150°  F  max)  and  it  is  made 
of  Incoloy  only  to  resist  the  corrosive  acids  which  are  present.  The 
inerted  gas  and  the  turbine  discharge  gas  each  make  a  single  pass  through 
the  core.  The  core  dimensions  are  as  follows: 

Hot  flow  length  =  9.81  inches 
Cold  flow  length  =  15.20  inches 
No  flow  length  =  12.16  inches 

The  hot-side  inerted  gas  enters  and  exits  through  4.  0  inch  diameter 
flanges.  A  scupper  type  water  collector  and  drain  is  incorporated  into 
the  outlet  header  to  collect  condensed  water.  The  cold-side  gas  enters 
and  leaves  through  5.0  inch  diameter  flanges. 

5. 10  Heat  Exchanger,  Bypass  Regenerative 

The  bypass  regenerative  heat  exchanger  is  a  plate  and  fin  style  unit  made 
of  Incoloy  800  material,  and  shown  in  Figure  13.  This  heat  xchanger  has 
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FIGURE  12.  REGENERATIVE  HEAT  EXCHANGER 
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very  low  operating  temperatures  (about  I50UF  max)  and  is  fabricated  of 
liu'oloy  only  because  of  the  corrosive  acids  which  collect  in  the  core. 

The  hot-side  inerted  gas  makes  four  passes  through  the  core  and  the  cold- 
side  gas  makes  a  single  pass.  The  core  size  is  as  follows: 

Hot  flow  length  -  7.30  inches 
Cold  flow  length  3.08  inches 
No  flow  length  7.35  inches 

Hot  inerted  gas  enters  and  exits  the  unit  through  1.00  inch  diameter 
flanges.  A  scupper  type  water  separator  and  drain  are  provided  on 
the  outlet  header  to  collect  condensed  water.  The  cold  gas  flow  enters 
and  leaves  the  core  through  5,0  inch  diameter  flanges. 

5. 11  Ejectors  (Cooling  Air) 

For  ground  static  operation,  or  when  ram  pressure  is  inadequate,  ejectors 
are  used  to  provide  cooling  air  for  the  reactor  heat  exchangers.  One 
ejector  provides  cooling  air  for  all  three  reactor  heat  exchangers  and 
another  ejector  is  used  to  draw  cooling  air  through  the  precooler;  these 
are  shown  on  Figure  14. 

The  ejector  is  of  welded  construction  and  consists  of  an  outer  housing 
with  V-band  flanges.  A  2. 0  inch  diameter  bleed  air  inlet  tube  with  a 
V-band  type  flange  passes  through  the  outer  housing.  Seven  nozzles 
are  attached  to  the  tube.  Air  exits  through  the  nozzles  at  a  high  velocity, 
creating  a  low  static  pressure  region  that  induces  a  flow  of  cooling  air 
through  the  heat  exchangers. 

The  outer  housing  diameters  are  13.0  inches  for  the  procooler  ejector 
and  15.0  inches  for  the  reactor  ejector. 

5. 12  Turbine/Fan 

The  proposed  turbine/fan  unit  features  Hamilton  Standard's  patented 
3ingle-ended  design,  with  a  radial  flow  turbine  and  mixed  flow  fan.  Both 
rotors  are  unshrouded. 

Several  distinct  advantages  result  from  the  single-ended  concept. 

a.  The  bearing  cartridge  is  cooled  by  turbine  exhaust  air,  thus 
eliminating  problems  associated  with  high  temperature  lubri¬ 
cation. 
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b.  Out.*  riui  of  the  bearing  cartridge  is  Healed  statically,  thereby 
eliminating  leakage  or  air  circulation  through  the  bearing 
assembly. 

o.  Only  one  rotating  seal  is  required. 

d.  The  entire  rotating  assembly  may  be  dynamically  balanced 

without  the  parasitic  mass  of  the  turbine  housing.  This  allows 
a  more  sensitive  balance  and  contributes  to  smoother  operations. 

Details  of  the  assembly  are  given  on  Figure  15, 

Turbine  Fan  Characteristics 


Rotors 


The  turbine  is  a  two-piece,  radial  flow  rotor,  fused  to  limit  maximum 
burst  speed.  Two-piece  construction  provides  blade  damping,  thereby 
minimizing  vibratory  blade  stresses.  Turbine  diameter  is  4.71  inches. 

The  fan  is  a  one-piece  rotor  with  a  tip  diameter  of  4.74  inches. 

Both  rotors  are  machined  from  6A.1-4V  titanium  forgings  which  pro¬ 
vide  high  material  properties  and  good  corrosion  resistance. 

Housings 

The  cast  Inconel  turbine  housing  provides  external  support  for  the 
unit  and  also  supports  the  bearing  cartridge.  Two  separate  turbine 
Inlets,  with  a  90%  and  10%  area  split,  provide  dual  nozzle  capability. 
During  steady  flight  conditions,  the  smaller  inlet  directs  flow  into  2 
of  the  19  nozzle  passages  and  allows  operation  with  low  weight  flow. 

Use  of  the  two  Inlets  supplies  all  19  nozzle  passages  with  flow.  This 
enables  the  system  to  respond  to  rapid  changes  in  ambient  pressure 
(as  in  a  rapid  descent),  and  maintains  a  positive  pressure  in  the  air¬ 
craft  fuel  tanks. 

The  fan  housing  material  is  Inconel  625  and  is  of  welded  construction. 
Nozzle 


The  nozzle  contains  19  passages  and  forms  one  wall  of  the  turbine 
housing.  In  addition,  It  supports  a  silver  labyrinth  seal  which 
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isolates  the  turbine  and  fan  circuits.  The  nozzle  plate  is  a  Stellite 
31  investment  easting.  Critical  dimensions,  such  as  nozzle  throats, 
are  machined. 

Lubrication 


Lubrication  of  the  two  bearings  is  provided  by  two  felt  wicks  which 
direct  oil  from  the  sump  to  the  shaft.  As  the  oil  is  deposited  on  the 
shaft,  centrifugal  forces  sling  the  oil  to  the  inner  walls  of  the  spring 
seats.  It  then  collects  in  oil  grooves  in  the  spring  seats  and  is  fed 
to  the  bearing  outer  race.  After  passing  through  the  bearings,  the 
oil  drains  into  the  sump  to  be  recirculated.  The  oil  reservoir  con¬ 
tains  approximately  125  cc  of  oil,  which  has  been  found  to  be  adequate 
for  operation  in  excess  of  1,000  hours. 

Rotor  Containment 


The  turbine  houcing  provides  containment  for  a  turbine  fuse  burst  and 
for  a  tri-hub  burst.  Fan  housing  provides  containment  for  fan  blades 
and  for  a  fan  tri-hub  burst.  Both  rotors  are  contained  at  135%  of 
maximum  normal  speed  or  at  the  maximum  speed  that  can  result 
from  any  single  failure-inducing  condition.  The  turbine  is  fused  to 
burst  at  a  lower  speed  than  the  fan.  This  approach  assures  that  the 
driving  member  will  burst  before  the  driven  member,  thus  resulting 
in  lower  containment  weight. 

Bearing  Cartridge 

The  bearing  cartridge  is  located  downstream  of  the  turbine  and  is 
surrounded  by  cool  turbine  discharge  gas.  A  carbon  face  seal 
isolates  inert  gas  products  which  might  contain  corrosive  elements 
from  the  cartridge  environment.  All  other  ports  are  sealed 
statically.  Two  spring-preloaded,  angular  contact  ball  bearings 
support  the  rotor  shaft.  The  bearings  sleeve  is  a  steel  tube  which  is 
free  to  move  radially  within  the  turbine  housing.  Damping  of  the 
rotor  shaft  system  is  accomplished  by  a  flexible,  oil-film-damped 
rotor  suspension.  This  consists  of  a  predetermined  diametral 
clearance  between  the  bearing  sleeve  and  the  turbine  housing,  which 
is  supplied  with  bearing  lubrication  oil  in  sufficient  quantities  to 
damp  out  excessive  vibration  due  to  shaft  resonance.  Either,  or  both, 
of  the  bearings  may  be  damped  depending  on  system  dynamics.  All 
other  fits  and  clearances  in  the  cartridge  area  are  optimized  to  con¬ 
tribute  to  the  proper  amount  of  damping. 
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5.  13  System  Controls  and  Valves 
5.  13,  1  Furl  Tank  Pnujsure  Control 


The  inerting  system  provides  the  prime  humus  of  controlling  fuel  tank  to 
ambient  differential  pressure.  A  backup  system,  consisting  of  a  relief 
valve  and  a  dive  valve,  provide  protection  from  overpressure  and 
negative  pressure,  respectively.  The  specified  pressurization  schedule 
calls  for  maintenance  of  0.3  psig  or  (i.O  psia,  whichever  is  greater.  This 
indicates  constant  fuel  tank  pressure  above  25,000  ft. 

The  fuel  tank  pressure  control  involves  controlling  the  gas  flow  tc  the 
tanks  according  to  the  actual  demand,  as  sensed  by  an  underpressure 
condition.  The  excess  flow  is  passed  overboard  through  the  overboard 
spill  valve,  rather  than  through  the  fuel  tank.  This  approach  minimizes 
the  addition  of  contaminants  in  the  inert  gas  (water,  carbon  dioxide,  etc. ) 
by  limiting  the  gas  flow  to  the  tanks  to  the  minimum  required.  The  con¬ 
trol  scheme  involves  two  valves,  namely  the  fuel  tank  pressure  control 
valve  (in  the  low  flow  supply  line)  and  the  excess  flow  overboard  spill 
valve,  and  the  control  function  is  in  one  or  the  other  depending  upon  the 
mode  of  system  operation.  In  the  normal  (low-flow)  mode,  the  gas  flow 
to  the  tanks  is  modulated  by  the  pressure  control  valve  while  the  over¬ 
board  spill  valve  is  wide  open.  The  check  valve  in  the  crossover  line 
prevents  flow  from  the  tank  supply  line  from  crossing  over  to  the  over¬ 
board  line. 

In  the  high-flow  mode  during  descent,  control  switches  to  the  overboard 
spill  valve  and  the  pressure  control  valve  are  shut.  The  excess  flow 
produced  by  the  system  is  modulated  overboard  according  to  the  demand 
for  pressurization  flow  as  signaled  by  an  underpressure  condition  in  the  fuel 
tanks.  In  the  case  where  the  system  flow  just  meets  the  demand,  the 
overboard  valve  would  be  closed  and  all  the  flow  would  go  to  the  tanks. 

To  implement  this  control  scheme,  fuel-tank-to-ambient -differential 
pressure  is  sensed  across  a  diaphragm,  compared  to  a  reference  delta 
P,  and  the  error  used  to  modulate  the  pneumatically  actuated  valve  in 
control. 

5.13.2  System  Flow  Control 

Control  of  the  inerting  system  throughout  flow  is  maintained  by  a  combina¬ 
tion  of  components.  The  pressure  regulator  upstream  of  the  turbine  is 
provided  to  limit  the  pressure  into  the  turbine.  The  setting  of  the  regulator 
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it*  21  paig,  which  assures  no  throttling  :it  the  idle  descent  condition  which 
determined  the  size  of  the  turbine  nozzle.  The  flow-limiting  venturi  is 
provided  to  limit  the  maximum  combined  turbine  and  anti-ice  bypass 
flow.  Flow  tapped  off  by  the  bypass  regenerator  line  is  controller  by 
the  modulating  fuel  tank  pressure  control  valve. 

5. 13. 3  Catalyst  lied  Temperature  Control 

Maintenance  of  catalyst  bed  temperature  is  accomplished  by  modulating 
the  ram  air  cooling  flow  through  the  heat  exchanger  upstream  of  the  bed. 

A  separate  control  is  provided  for  each  of  the  three  reactor  segments, 
thus  assuring  localised  protection  from  both  overheating  and  overcooling 
(quenching).  The  reactor  temperature  control  is  based  upon  controlling 
the  temperature  at  the  catalyst  bed  discharge.  A  normal  setting  of  1100°F 
is  maintained  during  low-flow  operating.  This  is  switched  to  a  setting  of 
1337°  F  (725°C)  during  high-flow  mode  when  higher  temperature  rises 
across  the  catalyst  beds  are  expected.  The  setting  of  1337° F  represents  a 
maximum  recommended  catalyst  operating  temperature.  Ir  obtaining 
control,  the  catalyst -bed  discharge  temperature  is  sensed  by  a  bimetallic 
temperature  sensor  and  compared  to  the  setpoint  reference  temperature. 
The  control  converts  the  error  signal  into  a  change  of  servo  pressure, 
causing  an  integrating  pneumatic  actuator  to  move  the  control  valve  until 
the  temperature  error  is  reduced  to  zero.  Low  temperature  in  the 
catalyst  bed,  suen  as  during  start-up,  would  close  the  ram  control  valve, 

5.13.4  Fuel  Heat  Sink  Control 

The  use  of  fuel  as  a  supplemental  heat  sink  when  the  ram  air  temperature 
is  high  greatly  improves  the  moisture  removal  capacity  of  the  cooling 
system.  A  simple  on/off  fuel  valve  Is  utilized  to  control  the  flow  of 
cooling  fuel  through  the  fuel  heat  exchanger.  The  control  consists  of  a 
bimetallic  temperature  switch  which  opens  the  pneumatically  actuated 
fuel  valve  when  the  sensed  temperature  exceeds  the  switch  point.  When 
the  ram  air  temperature  falls  below  the  switch  point,  the  valve  is  driven 
closed.  The  setpoint  chosen  for  this  switch  is  150°F. 

5.13.5  Anti-Ice  Control 


Anti-Ice  Control 


Anti-ice  protection  is  provided  by  a  turbine  bypass  line  which  permits 
mixing  of  warm  turbine  inlet  gas  with  the  cold  turbine  discharge  in  order 
to  prevent  below-freezing  temperatures  at  the  inlet  to  the  bypass  the 
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regenerative  heat  exchanger.  A  turbine  bypass  valve  is  provided  which 
modulates  bypass  flow  m  response  io  an  undertem|X‘rature  condition.  A 
mixed  tem|x>raUi re  of  ;;a  F  is  the  nominal  set-point  lor  this  control. 


In  conjunction  with  the  turbine  bypass  anti-ice  control,  a  minimum 
temperature  control  is  provided  at  the  prceooler  discharge.  This  control 
modulates  the  procooler  ram  air  control  v.dvc  to  hold  a  minimum  hot-side 
discharge  tcmiX'Vature  of  ;K>°F.  This  control  function  was  provided  in 
order  to  maintain  an  elevated  turbine  inlet  temperature,  thereby  avoiding 
excessive  turbine  bypass  flow.  The  control  setpoint  was  selected  after 
consideration  of  the  compromise  to  the  moisture  removal  capacity  that 
would  result  from  a  higher  setting.  This  control  also  serves  the  purpose 
of  protecting  the  precooler  from  icing.  When  low  ram  temperatures  are 
encountered,  it  is  feasible  to  conclude  that  an  uncontrolled  ram  air  heat 
sink,  could  result  in  an  icing  condition.  This  possibility  is  obviously 
eliminated  by  controlling  the  precooler  discharge  to  90°  F. 

5.13.6  Ground  Operation  Control 

Operation  of  the  inerting  system  on  the  ground  necessitates  the  use  of 
ejectors  in  induce  ram  air  cooling  flow.  A  simple  on/off  valve  will 
supply  the  bleed  flow  to  the  ejector  nozzles  upon  receiving  a  signal  to 
open.  Such  a  signal  could  be  a  switch  which  would  sense  pressure  on  the 
aircraft  landing  gear. 

5.13.7  Fuel  Supply  Sparge  Control 

During  climb  and  fueling  operations,  the  potential  exists  for  high  rele...te 
rates  of  oxygen  dissolved  in  the  fuel.  Agitation  of  the  fuel  supply  promotes 
the  gradual  release  of  dissolved  gases.  When  this  sparging  is  done  with 
inert  gases  bubbled  through  the  fuel,  it  is  possible  to  dilute  the  oxygen 
concentration  in  the  ullage  space  and  maintain  an  inert  ullage  atmosphere. 

The  sparge  control  function  of  the  inerting  system  utilizes  a  simple  on/off 
valve  which  would  open  upon  signal  and  pass  flow  to  the  sparging  nozzles 
located  under  the  fuel  supply.  The  flow  would  first  pass  through  the  bypass 
regenerative  heat  exchanger  for  cooling  and  reduction  of  moisture  content. 
The  fuel  tank  pressure  control  valve  would  be  closed  since  there  is  an  over¬ 
pressure  condition  in  the  fuel  tanks  during  operating  conditions  when 
sparging  is  called  for. 
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Km  urgency  Descent  Pressurization 


In  the  event  ol'  an  aircraft  descent  at  an  emergency  dive  rate,  positive 
pressurization  is  maintained  by  opening  the  emergency  bypass  valve  and 
allowing  bleed  air  to  lie  added  to  the  inert  gas  on  the  way  to  the  fuel 
tanks.  The  overboard  spill  valve  will  maintain  control  by  modulating 
overboard  any  emergency  bypass  flow  that  may  be  in  excess  of  demand. 

A  flow  limiting  venturi  is  provided  in  the  emergency  bypass  line,  'lliis 
would  be  sized  to  pass  adequate  bypass  flow  for  the  worst  specified 
emergency  condition. 

5. 13.  9  Valve  and  Control  Design 

The  inerting  system  contains  a  total  of  fourteen  pneumatically  actuated 
butterfly  valves,  two  hinged-flapper  type  check  valves  and  three  solenoid 
driven  poppet  valves  for  fuel-flow  control.  Table  IV  provides  a  listing 
of  the  system  valves  and  controls,  indicating  function,  size  material 
and  design  weight. 

The  gas-handling  butterfly  valves  are  powered  by  either  single-acting 
actuators,  in  the  case  of  simple  shutoff  functions,  or  double-acting, 
half-area  actuators  where  a  modulating  control  function  is  required.  The 
actuator  pistons  utilize  either  thin  silicone  rubber/dacron  fabric  diaphragms 
or  teflon-filled  piston  rings,  depending  upon  application.  Servo  pressure 
to  drive  the  actuator  is  controlled  by  the  associated  temperature  sensor, 
in  the  case  of  the  temperature  control  valve,  or  by  a  pneumatic  controller, 
in  the  case  of  pressure  control  valves. 

Material  selection  for  the  valves  and  controllers  was  dictated  by  location 
in  the  system.  A  suitable  steel  was  chosen  for  the  valve  bodies  for  both 
the  high-temperature  valves  associated  with  the  catalytic  reactor  and  for 
the  valves  exposed  to  the  acid  condensate  in  the  water  removal  and  inert 
gas  supply  subsystems.  Aluminum  is  used  for  the  remaining  valve  bodies 
as  well  as  for  all  actuator  housings.  In  all  cases,  a  chrome  plating  is 
applied  to  the  valve  bores  for  wear  resistance  in  the  sealing  area.  The 
butterfly  disc  and  shaft  assemblies  are  supported  in  the  valve  bodies  by 
carbon  bushings  in  the  high-temperature  valves,  or  teflon-lead  im¬ 
pregnated  bronze-coated  steel  bushings  in  the  lower  temperature 
applications. 

A  typical  half  area  actuated  butterfly  valve  is  shown  in  Figure  16.  The 
dimensions  are  for  a  4.  0  inch  diameter  valve. 
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Bleed  Air  Supply-Shutoff  and  Pressure 


Regulating 

U.O 

A-iuminum 

0.0 

Ejector  Bleed  Supply -Shutoff 

3.0 

Aluminum 

3.8 

Start-up  Bypass  Bleed  Suoply -Shutoff 

2.0 

Aluminum 

2.1 

Turbine  Inlet-Pressure  Regulating 

3.0 

Steel 

8.? 

Turbine  Nozzle  Control-Shutoff 

3.0 

Steel 

6.0 

Turbine  Bypass  Control 

1.5 

Steel 

2.3 

Overboard  Spill-Fuel  Tank  Pressure  Control 

6.0 

Aluminum 

6.9 

Vuel  Tank  Supply-Low  Flow  Pressure  Control 

1.0 

Steel 

1.5 

Fuel  Sparge  Flow-Shutoff'1  Valve 

1,0 

Steel 

1.3 

Emergency  Bleed  Bypass-Shutoff 

2.0 

Aluminum 

2.1 

Ram  Air  Discharge  Control-Reactor  No.  1 

8.0 

Steel 

13.1 

Ram  Air  Discharge  Control-Reactor  No.  2 

8.0 

Steel 

13.1 

Ram  Air  Discharge  Control-Reactor  No.  3 

10.0 

Steel 

16.3 

Ran  Air  Discharge  Control-Precooler 

13.0 

Aluminum 

16.8 

Reactor  Discharge-Start-up  Check  Valve 

U.O 

Steel 

2.3 

Fuel  Tank  Supply-Crossover  Check  Valve 

6.0 

Aluminum 

1.3 

Fuel  Heat  Sink-Shutoff 

0.75 

Aluminum 

1.2 

Reactor  Fuel  Supply-Shutoff  (pair) 

0.25 

Aluminum 

1.0 

Total  System  Valve  Weight  107,3  lbs 
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FIGURE  16.  PRESSURE  REGULATING  AND  SHUT-OFF  VALVE 


\  IvpUMl  Ii.tl!  ;uv,t  ucliiuled  lntlUTlIy  valve  lx  .'dunvn  ill  Figure  Hi.  The 
dimensions  art-  U>r  a  1.0  inch  diameter  valve, 

Tina  eonligu  i'al  iun  is  id  ,i  provi  i,  design  and  is  typical  el  existing  .  al\ cs 
used  in  aircraft  air  conditioning  , systems. 


a .  la.  10  Temperature  Sensors 


'l’hu  tenux'rature  sensors  utilize  a  coaxial  rod  and  tulie  probe  made  of 
metals  with  different  coefficients  of  thermal  expansion.  Changes  in 
sensed  temperature  result  in  a  differential  expansion  of  the  probe 
assembly.  This  differential  expansion  is  amplified  by  a  bell  crank  that 
compresses  a  biasing  spring,  thus  changing  the  reference  of  the  pressure 
regulator  portion  of  the  sensor.  The  pressure  regulator  portion  consists 
of  a  pivoted  lever,  fixed  orifice,  variable  area  nozzle,  and  associated 
springs.  This  resulting  regulated  signal  pressure,  which  is  proportional 
to  sensed  temperature,  acts  on  the  controller  or  actuator  of  associated 
valves. 

The  coaxial  sensing  probe  hits  an  inner  rod  of  low  expansion  Invar  and  an 
outer  tube  of  high-expansion,  corrosion-resistant  steel.  The  rod  and 
tube  are  joined  by  electron  ber  1  welding  to  insure  repeatibility.  The 
steel  crank  and  lever  are  pivoted  on  close-fitting  electrofilmed  pins  to 
insure  accuracy. 

A  typical  sensor  is  shown  in  Figure  17. 

5. 14  Installation  and  Weight  Summary 

The  eventual  installation  configuration  for  this  system  will  depend  on  the 
shape  of  the  available  space  envelope.  To  assist  in  establishing  the 
volume  requirements,  a  tentative  installation  drawing  has  been  prepared. 
This  is  shown  in  Figure  18  and  includes  a  list  of  system  components. 
Table  V  presents  a  weight  summary  for  this  system.  Further  optimiza¬ 
tion  of  components  or  design  requirements  could  reduce  this  weight. 
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FIGURE  17.  RAM  TEMPERATURE  SENSOR 
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RAM  AIR  CONTROL  VALVE  I 

precooler  ; 

FUEL  HX  i 

REGENERATIVE  HX  ! 

PRESS,  REGULATORS;  S/O 
CONTROL  VALVE  FUEL 
CHECK  VALVE  J 

S/O  VALVE  FUEL  SPACE  1 
CONTROL  VALVE  FUEL  T* 
PRESS  REGULATOR  -  TUll 
CONTROL  VALVE  ANTI-ICI 
TURBINE  NOZZLE  CONTRq 
TURBINE  FAN 
CONTROL  VALVE  FUEL  H 
BYPASS  VALVE  REGEN  H 
CHECK  VALVE 
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INERTING  SYSTEM 


PRECEDING  WOE  BLANK  "  1,07  J 


'Vuble  V 

Fllb'.b  TANK  INERT J KG  SYSTEM 
WEIGHT  HREAKLCMN 


_ COMPONENT  NAME _  _ _ 

TUBE  IKE  FAN 

FUEL  INJECTOR ,  NOZZLES  AND  SHUTOFF  VALVES 
CATALYST  BED  (THREE  BEDS  TOTAL) 


WEIGHT 

36 

9 

1142 


HEAT  exchangers 
REACTOR  NO,  1 
REACTOR  NO.  2 
REACT*  NO.  3 
HtECOOIER 
FUEL  COOLED 
REGENERATIVE 
BYPASS  REGENERATIVE 


78 

78 

121 

208 

21 

101 

11 


EJECTORS 

REACTOR  PAM  AIR 
WECOOIER  RAM  AIR 


BIEED  SUPPLY  -  SHUTOFF  AND  PRESS.  REG. 

EJECT*  BIEED  -  SHUTOFF 

START-UP  BYPASS  -  SHUTOFF 

START-UP  CHECK  VALVE 

TURBINE  INLET  -  PRESSURE  REGULATOR 

OVERBOARD  SPILL  -  TANK  IRBSSURE  CONTROL 

TANK  SUPPLY  -  IOW  FLOW  PRESSURE  CONTROL 

TANK  SUPPLY  -  CROSSOVER  CHECK  VABTB 

RAM  DISCHARGE  -  REACT*  NO.  1 

RAM  DISCHARGE  -  REACT*  NO.  2 

RAM  DISCHARGE  -  REACT*  NO.  3 

RAM  DISCHARGE  -  PRECOOIER 

FUEL  HEAT  SINK  -  SHUTOFF 

TURBINE  BYPASS 

FUEL  TANK  SPARGE  FIOW  -  SHUTOFF 
EMERGENCY  E  IEED  BYPASS  -  SHUTOFF 
TiiRP.Tm:  NOZZIE  CONTROL 


6 

L 

2 

2 

7 

2 

1 

13 

13 

16 

19 

1 

2 

1 

2 

3 


TOTAL  COMPONENT  WEIGHT 


916 
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6.0  SYSTEM  PEUFOllMANCE 

6. 1  System  Design  Point  Performance 

Design  requirements  for  the  system  specify  a  nuiximum  oxygen  content 
in  the  tanks  which  will  assure  a  nonoombustible  mixture  at  all  flight 
conditions  and  a  maximum  moisture  content  in  the  inert  gas  being 
supplied  to  the  tanks.  Early  surveys  of  the  various  flight  conditions 
indicated  that  the  most  stringent  requirements  existed  during  descent. 
More  specifically,  the  worst  conditions  and  the  condition  which  has 
been  used  as  a  design  point  for  this  system  is  3,000  ft  descent  at 
minimum  flight  speed  and  minimum  engine  power.  This  condition  on 
a  hot  day  combines  in  several  areas  the  worst  conditions  which  can  be 
encountered  with  this  system.  Considering  the  two  basic  requirements 
separately,  it  should  be  noted  that  the  oxygen  concentration  in  the  inert 
gas  is  substantially  below  combustible  limits.  It  was  necessary  to  design 
for  this  degree  of  inerting  at  this  flight  condition  so  that  at  emergency 
descent  conditions,  an  inert  mixture  would  always  exist  in  the  fuel  tanks. 
An  alternate  approach  would  have  been  to  use  a  secondary  system  to  meet 
these  emergency  descent  requirements.  This  secondary  system  would 
add  significant  complexity  to  the  overall  system  and  not  have  the  side 
benefit  of  the  selected  system  of  having  a  significant  margin  of  inertness 
at  normal  flight  conditions.  This  margin  in  oxygen  content  can  accommo¬ 
date  such  things  as  deterioration  of  catalyst  operation  with  time  and 
changes  in  oxygen  content  during  transients  or  purging  operations. 

This  condition  by  itself  represents  the  most  severe  case  in  terms  of 
meeting  basic  moisture  requirements.  The  combination  of  low  bleed 
pressure,  low  ram  pressure  drop,  and  high  ram  temperature  all  tend 
to  make  the  moisture  removal  process  more  difficult.  These  conditions, 
as  compared  to  those  under  all  other  flight  conditions,  have  resulted  in  a 
significantly  greater  heat  exchanger  size.  Any  change  to  this  3, 000  ft 
condition  in  terms  of  higher  pressures  or  decreased  requirements  would 
have  a  significant  effect  on  overall  system  sizes  and  weight.  An  example 
of  this  will  be  shown  in  the  off-design  performance  where,  for  example, 
at  25,000  ft  descent,  significant  throttling  of  the  ram  air  is  possible 
while  maintaining  required  moisture  content. 

The  performance  at  the  design  point  condition  is  illustrated  in  Figure  19. 
The  bleed  conditions  were  obtained  by  extrap^’ation  of  the  bleed  data  and 
include  a  loss  of  10%  between  the  engine  and  the  system.  The  combustor 
characteristics,  although  not  identical  to  the  test  data,  were  substantiated 
by  the  te3t  data.  Heat  exchangers  were  sized  at  this  condition,  including 


81 


PRSCSDINQ  PJGE  BLANK  .  HOT  HIMK)  l  J 


the  effect 8  of  condensation  and/or  evaporation  wherever  it  oeeurB.  The 
turbomachine  performance  characteristics  were  evolved  from  test  data 
on  similar  machines.  The  performance  of  the  system  includes  antici¬ 
pated  pressure  losses  between  components  although  installation  could 
alter  these  losses  slightly.  It  can  be  seen  from  this  flow  chart  that  design 
requirements  for  moisture  are  met  and  for  oxygen  content  are  exceeded 
by  a  substantial  amount. 

The  performance  at  this  design  point  condition  as  well  as  several  off-design 
point  conditions  has  been  analyzed  through  the  use  of  a  computer  program 
to  assure  that  the  performance  at  all  conditions  would  be  adequate.  This 
analysis  has  properly  accounted  for  the  effects  of  the  changing  fluid  com¬ 
position,  the  most  important  of  which  is  the  condensation  occurring  in  the 
heat  exchangers  of  the  moisture  removal  subsystem.  The  latent  load  on 
these  heat  exchangers  that  is  a  result  of  this  condensation  is  very 
significant,  particularly  in  terms  of  heat  exchanger  size.  The  amount  of 
moisture  condensed  is  several  times  the  amount  that  occur  in  aircraft 
ECS. 

6,2  System  Off-Design  Performance 

Performance  of  the  inerting  system  was  analyzed  for  a  number  of  normal 
off-design  operating  conditions  selected  for  their  critical  nature  in  terms 
of  the  moisture  content  of  the  gas  supplied  to  the  fuel  tanks.  Also,  an 
analysis  of  an  emergency  descent  was  conducted  to  demonstrate  that  the 
worst  case  fuel  tank  oxygen  concentration  remains  within  the  safe  range. 

6,2.1  Low  Altitude  Dash 

The  system  performance  during  a  low  altitude  dash  is  shown  in  Figure  20. 
The  system  is  operating  in  the  low-flow  mode  with  all  ram  flows  greatly 
throttled,  with  the  turbine  nozzle  at  partial  admission  and  with  essentially 
complete  conversion  of  oxygen  predicted  for  the  catalytic  reactor.  The 
temperature  rise  across  the  catalyst  beds  is  down  from  the  500-600° F  level 
to  approximately  200° F  due  to  the  greatly  increased  ratio  of  recycled  inert 
gas  to  fresh  air  added.  This,  in  turn,  is  due  to  the  fact  that  although  the 
turbine  flow  was  reduced  by  almost  90%  of  the  design  point  flow,  the  re¬ 
circulating  fan  flow  dropped  by  only  44%.  This  circumstance  allowed  the 
reduction  of  the  maximum  temperature  in  the  reactor  while  keeping  the 
average  catalyst  temperature  at  approximately  1000° F. 
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The  low  altitude  dash  condition  represents  the  operating  point  with  the 
highest  heat  sink  temperature  over  the  specified  subsonic  mission  pro¬ 
file.  The  fuel-cooled  heat  exchanger  was  sized  for  thlB  condition  so  that 
the  moisture  content  in  the  gas  supplied  to  the  fuel  tanks  is  below  the  80 
grains  per  pound  that  was  specified  as  the  maximum  allowable.  This 
was  accomplished  by  combining  a  90%  effective  fuel  heat  exchanger  with 
the  highly  effective  bypass  regenerator  which  provided  cooling  to  108% 
at  approximately  74  psia.  A  flow  of  1.0  lb  per  minute  is  supplied  to  the 
tanks  while  the  turbine  flow  of  8.  4  lb  per  minute  flows  overboard.  System 
pressure  is  throttled  both  at  the  bleed  supply  point  (60  psig)  and  the  turbine 
inlet  (21  psig). 

6.2.2  High  Altitude  Dash 

The  system  performance  during  a  high  altitude  dash  condition  is  shown  in 
Figure  21.  The  system  is  operating  in  the  low-flow  mode.  This  operating 
point  has  the  highest  heat  sink  temperature  over  the  specified  supersonic 
mission  profile.  The  bypass  regenerator  was  sized  for  this  condition  so 
that  the  moisture  content  in  the  inerting  gas  supply  is  less  than  the  80 
grains  per  pound  maximum  limit.  At  this  condition,  considerably  more 
turbine  cooling  is  made  possible  by  expanding  to  the  low  ambient  pressure. 
The  flow  chart  shows  the  bypass  regenerator  at  80%  effectiveness  providing 
cooling  to  81°  F  at  31.5  psia,  bringing  the  absolute  humidity  to  73  grains 
per  pound. 

6.2.3  25,000  Foot  Idle  Descent 

The  system  performance  during  descent  at  25,000  ft  with  idle  engine  power 
is  shown  in  Figure  22.  This  condition  demonstrates  the  operation  of  the 
anti-ice  turbine  bypass  control.  The  system  is  operating  in  the  high-flow 
mode  with  60  pound  per  minute  of  dry  gas  being  generated,  although  only 
38  Ib/min  satisfies  the  demand  for  fuel  tank  pressurization.  The  precooler 
ram  flow  is  throttled  to  hold  90°  F  on  the  hot-side  discharge.  It  is  de¬ 
sirable  to  keep  this  temperature  high  so  as  to  minimize  the  anti-ice  bypass 
flow,  however,  a  low  temperature  is  dictated  by  moisture  removal  require¬ 
ments.  The  performance  chart  shows  that  90°  F  provides  for  a  moisture 
content  of  80  grains  per  pound  under  this  low  pressure  condition. 

In  the  combustor  section  of  the  system  it  is  noted  that  the  recirculation 
flow  ratio  Is  below  the  design  point  value  due,  mainly,  to  the  power- 
reducing  effect  of  the  turbine  bypass.  Since  the  effect  of  reduced  recir¬ 
culation  is  increased  temperature  rise  in  the  catalyst,  and  the  bed  dis¬ 
charge  temperatures  are  held  to  the  maximum  control  setting  of  1337°  F 
(725°C),  the  result  is  reduced  catalyst  inlet  temperature.  This,  in  turn, 
causes  a  shift  downward  in  the  oxygen  conversion  rate  and,  hence,  a 
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tendency  toward  reducing  the  temperature  rises.  The  performance  chart 
indicates  an  estimate  of  the  resulting  steady-state  operating  condition. 

6.2.4  Cruise  Performance 

System  operation  during  cruise  is  on  the  low-flow  mode.  The  flow  demand 
to  maintain  fuel  tank  pressure  is  extremely  low,  typically  on  the  order  of 
0.  1  Ib/min.  The  90°  F  precooler  discharge  and  35°  turbine  discharge 
controls  will  be  on  and  the  temperature  of  the  flow  to  the  tanks  will  be 
about  40° F.  At  typical  bleed  pressures  of  30  to  50  psia,  the  moisture 
content  during  cruise  operation  will  be  less  than  20  grains/lb. 

6.2.5  Emergency  Descent  Performance 

In  the  event  of  an  emergency  descent,  when  the  rate  of  change  of  fuel  tank 
pressure  could  be  as  much  as  2.5  times  the  maximum  normal  rate,  the 
emergency  bypass  line  is  opened  to  supplement  the  inerting  system  flow 
in  order  to  maintain  fuel  tank  pressurization.  An  analysis  performed 
showed  that  the  oxygen  concentration  in  the  fuel  tanks  does  not  exceed  9% 
under  worst-case  conditions.  The  assumptions  made  in  this  analysis  are 
as  follows: 

a.  The  ullage  space  is  initially  inerted  with  the  oxygen  concentration 
possibly  as  high  as  3%. 

b.  The  fuel  tanks  are  near  empty. 

c.  The  tank  pressure  at  the  start  of  the  dive  is  6  psia  at  25,000  ft  and  is 
maintained  at  0. 5  psig  to  3, 000  ft. 

d.  The  bleed  air  bypass  flow  i6  used  as  make-up  flow  to  the  extent  that 
the  system  flow  is  deficient  in  meeting  the  demand  for  pressurization. 

e.  The  oxygen  concentration  in  the  inerted  gas  is  4%. 

Figure  23  summarizes  the  emergency  descent  performance.  It  can  be 
seen  that  the  oxygen  concentration  just  reaches  9%  at  an  aircraft  altitude 
of  3, 000  ft.  Since  it  is  not  likely  that  the  emergency  dive  rate  would  be 
maintained  to  such  a  low  altitude,  it  may  be  assumed  that  this  method 
of  satisfying  emergency  fuel  tank  pressurization  would  result  in  a  final 
oxygen  concentration  of  less  than  9%. 
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PERCENT  OXYGEN  BY  VOLUME  IN  TANKS 


FIGURE  23.  B— 1  FUEL  TANK  INERTING  SYSTEM  PREDICTED  FUEL  TANK 
OXYGEN  EMERGENCY  DESCENT  TANKS  NEAR  EMPTY 
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l  Inerting  System  Overall  Mission  Performance 

An  evaluation  of  the  Inerting  system  |)eriormance  with  an  overall  mission 
viewpoint  may  be  made  through  the  use  of  baHlc  penalty  factors.  The 
system  defined  through  the  preliminary  design  study  was  si/.ed  for  a  B-l 
Long  Range  Bomber  with  a  stated  fuel  tank  capacity  of  approximately 
-10,000  gallons,  or  almost  250,  000  pounds  of  JP-4  fuel.  The  fuel  tank 
capacity  is  the  main  factor  in  describing  the  aircraft  penalties  incurred 
by  operating  the  system.  For  example,  the  estimated  take-off  weight 
added  by  the  system  is  approximately  0.5%  of  the  aircraft  fuel  capacity. 

The  overall  mission  performance,  when  measured  in  terms  of  added  fuel 
consumption,  must  be  considered  in  two  parts:  direct  and  indirect.  In 
terms  of  direct  fuel  consumption,  that  is,  fuel  actually  consumed  in  the 
catalytic  reactor,  the  inerting  system  requires  approximately  0.  02%  of 
the  total  aircraft  fuel  capacity  per  mission  hour.  Indirect  fuel  consump¬ 
tion  is  attributable  to  bleed  air  usage  and  ram  drag  penalties.  A  first 
order  approximation  of  these  effects  over  the  specified  mission  profiles 
suggests  that  an  additional  fuel  penalty  of  0.01%  of  the  fuel  capacity  per 
mission  hour  is  consumed  by  the  inerting  system.  For  a  10  hour  mission, 
for  example,  the  total  penalty  amounts  to  750  pounds  of  JP-4.  Of  this 
total,  about  650  pounds  is  consumed  during  the  long  duration  cruise  when 
the  actual  demand  upon  the  system  is  minimum.  However,  due  to  the 
continuous  operation  of  the  system,  a  steady  overboard  flow  of  inert  gas 
causes  considerable  penalty  to  be  incurred.  Analysis  Bhows  that  the  use 
of  intermittent  system  operation  could  bring  about  a  major  reduction  in 
this  penalty.  Such  operation  could  be  based  upon  a  demand  control,  where¬ 
in  cyclic  fuel  tank  pressurization,  within  the  pressure  control  tolerance 
band,  was  obtained.  However,  this  scheme  would  rely  on  frequent 
start/stop  cycles  which  is  undersirable  from  the  viewpoint  of  catalyst 
bed  performance.  Also  elimination  of  the  overboard  flow  line  would 
tend  to  substantially  increase  the  moisture  content  of  the  gas  flow  to  the 
tanks  due  to  the  removal  of  the  highly  effective  bypass  regenerator. 

Analysis  of  the  moisture  content  in  the  inert  gas  delivered  to  the  fuel 
tanks  over  the  specified  long  range  missions  indicates  that  approximately 
1.5  gallons  of  water  are  added  over  one  subsonic  and  one  supersonic 
mission.  This  corresponds  to  0.  00375%  of  the  total  fuel  tank  volume  and 
is  comparable  to  the  water  added  by  a  hot  day  atmosphere  when  the  fuel 
tanks  are  pressurized  with  engine  bleed  air. 
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The  significance  of  this  apparently  small  amount  of  water  contamination 
in  the  B-l  fuel  system  is  difficult  to  estimate.  Experience  in  humid 
climates  has  provided  evidence  of  difficulties  due  to  the  accumulation  of 
water  in  the  fuel  systems.  The  fact  that  the  moisture  added  by  the 
inerting  system  will  be  slightly  acid  due  to  dissolved  products  of  com¬ 
bustion  adds  to  its  undersireabi  1  ity  in  even  the  slightest  amounts. 


7.0 


CATALYTIC  REACTOR  EXPERIMENTAL  PROGRAM  CONDUCTED  MY 
AMERICAN  CYAN  AM  ID  COMPANY 


7.  1  Bac k^round 

la  the  prior  program  *  relating  to  catalytic  combustion  for  fuel  tank 
inerting,  only  a  limited  amount  of  work  was  done  with  liquid  fuels.  The 
general  feasibility  of  the  approach  was  demonstrated  but  there  was 
little  exploration  of  the  many  variables  Involved.  Most  of  the  work  was 
carries  out  with  JP-7,  a  highly  paraffinic  fuel  with  higher  and  narrower 
boiling  range  than  the  JP-4  fuel  of  present  interest,  and  containing  very 
little  sulfur.  The  space  velocity  range  studied  was  32,000  to  150,000  hr-1. 
Stoichiometric  mixtures,  2  inch  thick  catalyst  beds,  and  inlet  oxygen  con¬ 
centrations  of  3.5-4%  were  used  in  most  runs. 

The  data  obtained  from  this  program,  while  limited,  provided  a  preliminary 
estimate  of  the  reaction  rate  constant  for  use  in  the  design  analysis  covered 
in  paragraph  5.2  of  this  report.  There  was  also  some  indication  that  the 
reaction  was  increased  by  operating  with  an  excess  of  fuel  or  at  pressures 
somewhat  above  atmospheric.  Reasonable  catalyst  stability  was  demon¬ 
strated  in  one  run  of  60  hours  duration,  using  an  excess  of  JP-4  fuel,  and 
operating  at  a  space  velocity  of  100,000  hr-1  with  a  conversion  level  of 
about  95%  or  greater. 

With  this  prior  work  as  a  starting  point,  the  general  objectives  of  the 
present  program  were  defined  as  follows: 

a.  Investigate  the  relationships  among  space  velocity,  temperature,  and 
conversion  under  conditions  simulating  actual  operation.  Determine 
how  these  relationships  are  affected  by  variations  in  gas  composition 
and  system  pressure. 

b.  On  the  basis  of  the  above  data,  determine  the  minimum  temperature 
required  to  initiate  ("light-off”)  the  reaction,  and  re-evaluate  the 
reaction  rate  constant  used  in  the  design  analysis. 

c.  Investigate  the  problems  associated  with  starting  up  the  reactor,  using 
undiluted  air. 


*  AFAPL-T R-69 -68 


99 


d.  Obtain  pressure  drop  data  U>  confirm  the  rclatioiiHnips  utilizes  m  tin- 
design  analysis. 

Investigate  the  composition  of  the  reactor  exhaust  gas,  particularly 
with  respect  to  carbon  monoxide,  sulfur  and  nitrogen  oxides. 

f.  Determine  minimum  practical  bed  thickness  as  determined  by 
either  "Light-off",  or  by  conversion  at  design  flows. 

g.  Obtain  some  information  with  respect  to  transient  behavior  of  the 
reactor  system. 

Within  the  limited  time  available  for  experimentation,  it  was  not  possible 
to  actively  pursue  all  of  the  objectives  outlined  above.  Major  emphasis 
was  placed  on  objectives  (a),  (b),  (d)  and  (e).  The  question  of  minimum 
practical  bed  thickness  was  not  pursued  experimentally  because  the  design 
analysis  indicated  that  for  the  B-l  bomber  application,  the  use  of  beds 
thinner  than  one  inch  would  result  in  excessive  cross-sectional  area  re¬ 
quirement. 

The  experimental  approach  to  obtaining  the  information  outlined  above  was 
guided  by  the  results  of  the#design  analysis  presented  in  paragrapn  5.2. 
Thus,  most  of  the  runs  were  made  at  either  300, 000  hr-1  or  30,  000  hr-1 
space  velocity  (representing  the  high-  and  low-flow  modes  of  operation). 
The  choice  of  inlet  oxygen  concentrations  used  In  these  runs  (approxi¬ 
mately  6%  at  high  flow  and  3%  at  low)  was  also  governed  by  the  design 
calculations. 

7.2  Experimental  System 
7.2.1  Apparatus 

The  experimental  system  (Figure  24)  is  composed  of  four  subsystems : 

•  Fuel  feed  and  vaporization 

•  Gas  and  water  feed  (including  water  vaporization) 

•  Reaction 

•  Sampling  and  analysis 

The  system  is  designed  to  operate  at  pressures  up  to  100  psig,  and  to 
handle  throughputs  of  up  to  about  1  lb/min. 


100 


Suffty 


FIGURE  24 


a. 


Fuel  Food  ami  Vaporization  Subsystem 


This  subsystem  eunsisls  of  a  liquid  fuel  tank,  a  liquid  fuel  rotameter, 
and  a  heated  vaporization  chamber.  The  tank  is  pressurized  with 
m it ro^en  to  force  the  fuel  through  a  two- fluid  atomizing  nozzle  into 
the  vaporization  chamber.  1'he  atom i zing  fluid  is  normally  pre¬ 
heated  nitrogen.  The  vaporized  mixture  is  further  preheated  in 
the  line  leading  to  the  reactor.  All  heating  is  done  by  means  of 
Nichrome  resistance  wire  coiled  around  the  chamber  and  connecting 
tubine.  Thermocouples  and  pressure  gages  are  strategically 
located. 

b.  Gas  and  Water  Feed  Subsystem 

Air,  carbon  dioxide,  nitrogen  and  water  are  fed  through  individual 
rotameters  into  a  heated  blending  and  vaporization  line.  Water  is 
fed  a6  a  liquid  from  a  pressurized  feed  tank  and  is  introduced  axially 
into  the  horizontal  vaporization  line  through  a  small-diameter  injection 
tube.  The  gas  mixture  Ls  further  preheated  in  a  packed-column  furnace 
and  in  the  line  between  that  furnace  and  the  reactor.  Again,  pressure 
gages  and  thermocouples  are  conveniently  located. 

c.  Reaction  Subsystem 

The  two  streams  of  preheated  gases  and  vapors  combine  and  discharge 
into  the  reactor,  which  is  located  inside  an  electric  furnace  (Hotpack, 
Model  7075).  The  reactor  exhaust  gases  pass  through  a  helical  cooling 
coil  (air  or  water  cooled)  where  water  is  condensed  and  removed  by 
means  of  a  trap.  Uncondensed  vapors  and  gases  leave  through  the  PC 
valve,  which  is  a  needle  valve  used  to  control  system  pressure. 

The  reactor  and  the  furnace  are  instrumented  with  pressure  gages, 
thermocouples  and  a  differential  pressure  gage.  Most  of  the 
thermocouples  inside  the  reactor  are  inserted  radially,  as  shown 
schematically  in  Figure  25.  Thermocouple  (TC)  Nos.  9,  10,  11,  12, 

13  and  19  are  straight  and  have  their  sensor-tips  centered  inside 
the  reactor  to  give  axial  temperatures.  TC's  17  and  18  are  bent  so 
that  their  tips  are  about  1/8  inch  distant  from  the  reactor  wall.  TC  21 
is  located  in  the  reactor  wall,  while  TC  20  is  centered  Immediately 
below  the  bed  supporting  screen.  (TC's  14,  15  and  16  shown  in  the 
figure  were  not  installed). 
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FIGURE  25.  ONE  INCH  I.D.  REACTOR 
(INCLUDING  LOCATION  OF  THERMOCOUPLES) 


Al^thermoeimples  .iff  connected  to  ;i  24-poiiil  temperature  recorder 
(Mlimeupolis-lloneywell,  Modei  V lfi3Xs9-(C)-Il-Ill-l<i)  which  0|m  raLc.s 
oil Ai  t\vo--miimtf  cycle  arid  covers  a  temperature  spun  of  U-l(>O0'C. 


d.  Sampling  and  Analysis  Subsystem 

This  subsystem  consists  of  ;i  continuous  in-line  oxygen  analyzer,  and 
various  sampling  arrangements  used  to  obtain  off-gas  and  condensate 
samples  for  intermittent  analyses.  The  analytical  methods  and 
equipment  used  are  described  in  more  detail  in  paragraph  7.2.4. 

Materials 


a.  Equipment 

All  components  of  the  experimental  system  in  contact  with  the  reactants 
are  made  of  type  210  stainless  steel. 

b.  Catalyst 

The  catalyst  employed  in  this  experimentation  is  American  Cyanamid 
Company's  AERO-BAN  R  Catalyst.  It  is  an  oxidation  catalyst 
furnished  as  1/16  inch  diameter  extrudates  having  an  average  length 
of  1/8  inch,  and  a  bulk  density  of  40,6  lb/ft3. 

c.  Fuel 

The  fuel  used  is  referee  grade  JP-4,  conforming  to  Mil-T-5161G 
specification.  A  complete  analysis  of  the  lot  employed  (Batch  No. 
3-70-COV)  was  submitted  by  the  supplier  (Ashland  Oil,  Inc.)  and  is 
reproduced  in  Table  VI. 

For  computational  purposes,  the  fuel  is  assumed  to  have  an  equivalent 
composition  of  C^qH^,  with  a  corresponding  molecular  weight  of  140. 

d.  Other  Materials 


Air 

N2 

co2: 

Water 


ambient  air  from  a  reciprocating  compressor 

99.998%  pure,  from  liquid  nitrogen  cyclinders  (Linde 
Division,  Union  Carbide  Corporation) 

99.997%  pure,  from  gas  cylinders  (Air  Reduction  Co.) 

distilled 
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Table  VI  -  Fuel  Analysis 

COVINGTON  3U  TAJIK  -  REFEREE  CRAPE  I  MU.-T-5I610 

Batch  3-70-C0V 


Mil-T -51610 

Covington,  Ky, 

Specification 

(4/10/70) 

Top  Mid. 

Gravity/  "A^I 

50-57 

55.0  55.1 

Distillation,  *F  -  IBP 

Report 

150 

10j6  Evaporated. 

200  max 

187 

2Q%  Evaporated 

180-230 

204 

5C$  Evaporated 

230-275 

258 

90jo  Evaporated 

325-370 

356 

EP 

450  max 

446 

Recovery,  % 

Report 

98 

Residue,  % 

1.5  max 

1.0 

Loss,  i 

1.5  max 

1.0 

Existent  Gum,  mg/ IOC  ml 

7  max 

2.9 

Potential  Gum,  mg/ 100  ml 

14  max 

5.4 

Total  Sulfur,  weight  % 

0.15-0.40 

0.165 

Mercaptain  Sulfur,  weight  % 

0.005  max 

0.0005 

Reid  Vapor  Pressure,  100*F,  psi 

2. 0-3.0 

2.65 

Freeze  Point,  *F 

-67  max 

-80 

Aniline  Point,  °F 

Report 

104 

Net  Heat  of  Combustion,  BTU/lb 

18,400-18,750 

18,690 

Aniline  Gravity  Product 

5,250-7,000 

5,730 

Aromatics,  Volume  % 

10-25 

24.9 

Olefins,  Volume  % 

5  max 

0.7 

Smoke  Point,  mm 

Report 

17 

Copper  Strip  Corrosion 

1  max 

la 

Water  Reaction 

lb  max 

1 

Viscosity,  cs  at  -30*F 

Report 

1.74 

Water  Sepaxometer  Index  Modified 

85  min 

98 

(Table  Continued) 
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Table  VI 


(continued) 


Mil-T-blOlG 

Covin; 'to:.,  i 

Specification 

*  (yiC/70) 

Top  Mia. 

Thermal  Stability  (300/400/6) 

Filter  Pressure  Drop/  In,  Hg 

16  max 

a.o 

Preheater  Rating 

3  max 

1 

Anti -icing  Additive/  Volume  % 

Top 

Report 

0.14b 

Middle 

Report 

0.144 

Bottom 

Report 

0.14b 

Composite 

0.12-0.15 

0.145 

Metal  Deactivator:  N , N 1 Disalicylidene - 
1-2-Propanediamine/  lbs/1000  bbls 

1. 5-2.0 

2 

Antioxidant:  2/6  Ditertiary  Butyl -4- 
Methyl  Phenol/  lbs/1000  bbls 

5. 0-6.4 

8 

10(> 


:t  Operating  Procedures 


a.  General 


(1)  Flow  of  Gases .  The  flows  of  the  gases  are  regulated  individually 
by  means  of  pressure  regulators,  calibrated  indicating  rotameters 
and  precision  needle  valves. 

(2)  Flow  of  Liquids.  The  rotameters  for  the  fuel  and  water  are  cal¬ 
ibrated  for  use  with  these  fluids  in  the  liquid  phase  at  a  tempera¬ 
ture  of  72. 5° F.  For  computational  purposes,  it  is  assumed  that 
the  superheated  vapors  behave  ub  ideal  gases. 

(3)  Analytical  Instruments.  The  oxygen  analyzer  and  Carle  gas 
chromatograph  are  calibrated  with  gas  mixtures  of  known  com¬ 
position  (chromatographically  determined).  Provision  is  made 
to  permit  checking  the  calibration  of  the  oxygen  analyzer  while  a 
run  is  in  progress. 

(4)  Use  of  the  Furnace.  During  low  space  velocity  runs,  the  feed 
subsystems  do  not  preheat  the  entering  streams  sufficiently  and 
additional  heat  must  be  added  by  means  of  the  furnace  surrounding 
the  reactor,  which  can  be  set  at  any  desired  temperature  of 
interest  in  this  program.  For  high  space  velocity  runs,  the  re¬ 
actor  furnace  is  not  used  for  supply  of  additional  heat  but  as  an 
insulated  chamber.  In  the  latter  situation,  the  cavity  between 
the  reactor  and  the  furnace  is  filled  with  glass  wool. 

b.  Charging  the  Reactor 

For  a  given  run,  a  fresh  charge  of  catalyst  may  be  required,  depending 
on  the  purpose  of  the  run  and  on  the  condition  of  the  catalyst  in  the 
reactor  after  prior  usage.  The  required  volume  of  catalyst  is  weighed, 
pi.  oed  in  the  reactor  on  top  of  the  support  screen  and  leveled  out. 

Tre  thickness  and  uniformity  of  the  bed  are  checked  and  the  reactor 
head  is  bolted  on.  The  reactor  is  then  placed  inside  the  furnace  and 
all  thermocouple  connections  made. 

In  some  cases,  a  1/4  inch  thick  bed  of  inert  granular  material  was 
placed  on  the  support  screen  before  charging  the  catalyst.  This  made 
it  possible  to  obtain  a  better  definition  of  the  temperature  profile  in 
the  vicinity  of  the  exit  plane  of  the  catalyst  bed.  The  inert  material 
used  is  identical  to  the  catalyst  in  size  and  shape. 
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Once  tilt  inlet  and  mil  let  itmiut-tiona  to  the  reactor  have  been  made 

tight  and  leak  tested,  the  following  stepwise  start-up  procedure  is 

initiated : 

^1)  A  small  flow  of  nitrogen  (about  1  /  /mill)  is  directed  through  the 
various  sections  of  the  test  system. 

(2)  All  of  the  Variacs  (voltage  regulators)  in  the  feed  subsystem  are 
set  to  the  required  voltage,  and  power  is  switched  on.  Heat-up 
of  the  entire  system  to  the  desired  temperature  takes  about  two 
hours. 

(3)  The  oxygen  analyzer  is  calibrated  using  a  standard  gas  (4f/<,  oxygen 
in  nitrogen),  and  a  cheek  is  made  on  the  nitrogen  flowing  through 
the  system. 

(4)  Upon  completion  of  heat-up,  the  full  flow  of  each  of  the  component 
gases  (for  the  particular  space  velocity  and  composition  desired) 
is  turned  on  in  the  following  order:  nitrogen,  carbon  dioxide, 
and  air.  The  feed  mixture  is  checked  for  its  oxygen  content  and 
adjusted  if  necessary. 

(5)  If  the  run  is  to  be  made  under  pressure,  pressure  is  built  up  in 
the  system  by  means  of  the  PC  valve  and  necessary  adjustments 
made  to  pressure  regulators  and  rotameters. 

(G)  Over  a  brief  period  of  time,  temperatures  in  the  system  adjust 
to  new  levels.  Adjustments  are  made  to  the  Variacs  as  necessary 
to  obtain  the  desired  temperature  of  the  mixture  entering  the 
catalyst  bed.  In  the  case  of  low  space  velocity  runs,  final  control 
is  achieved  by  means  of  the  reactor  furnace. 

(7)  Once  the  desired  feed  temperature,  pressure,  and  composition 
have  been  established,  the  flow  of  fuel  is  begun.  This  marks 
the  start  of  the  run. 

d.  Run  Procedure 


In  general,  during  a  run,  space  velocity,  feed  composition  (other  than 
fuel  vapor),  and  pressure  are  maintained  constant  while  the  effects  of 
changes  in  fuel-to-oxygen  ratio  and  inlet  (feed)  temperature  are 
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investigated.  Fuel-to-oxygen  ratio  is  evaluated  by  first  establishing 
a  base-line  operation  at  the  stoichiometric  ratio,  then  increasing  the 
fuel  flow  stepwise.  At  appropriate  intervals,  temperatures  and  other 
conditions  are  logged,  analyses  made,  and  BampleB  taken.  ThiB 
procedure  is  repeated  to  evaluate  the  effect  of  increasing  inlet  tem¬ 
perature  levels,  while  exercising  caution  not  to  run  with  fuel-to- 
oxygen  ratios  that  are  likely  to  overheat  the  catalyst  bed.  (In  the  event 
that  an  excessive  catalyst  temperature  is  observed,  fuel  flow  is  shut 
off. ) 

In  special  runs,  operation  at  elevated  pressure  and  in  the  presence  of 
water  vapor  were  studied,  in  the  latter  case,  the  inlet  concentration 
of  oxygen  was  held  constant  by  reducing  the  flow  of  nitrogen  diluent 
as  the  water  vapor  was  added. 

Study  of  the  effects  of  variations  in  pressure  spanned  the  range  of  one 
to  three  atmospheres,  and  covered  operation  at  both  high  and  low 
space  velocity. 

e.  Shut-Down  Procedure 

The  shut-down  proceeds  in  the  following  order: 

(1)  Shut  off  the  fuel. 

(2)  After  a  few  minutes  (allowing  time  to  burn  all  fuel  remaining  in 
the  system)  shut  off  the  power  to  the  various  heaters. 

(3)  Take  an  oxygen  reading  on  the  feed  mixture  (without  fuel). 

(4)  Shut  off  the  air  and  take  an  oxygen  reading  on  the  N2  or  N2  + 

CO2  mixture.  These  oxygen  readings  (Steps  3  and  4)  are  made 
to  check  on  the  composition  of  the  gases  fed  during  the  run,  and 
to  check  the  calibration  of  the  oxygen  analyzer. 

(5)  Reduce  flow  of  N2  (to  a  total  of  about  4  l  /min)  and  shut-off  CO2, 
if  used.  This  standby  flow  of  nitrogen  is  left  on  overnight. 

(6)  Check  oxygen  analyzer  if  necessary. 
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Chemical  Analyses  HrocoduiT.s 


The  chemical  analyses  carried  out  in  this  investigation  tall  into  two 
categories:  routine  analyses  made  by  operating'  personnel  at  the  test 
lot:  at  ion,  and  special  analyses  made  in  American  Cyanamid's  supporting 
Research  Service  Laboratories. 

a,  Routine  Analyses 


Oxygen  in  the  reactor  exit  gas  was  monitored  continuously,  using  a 
Beckman  Model  777  in-line  analyzer  connected  to  a  Honeywell  Model 
Electronic  193  recorder,  with  a  0-100  mv  span.  This  temperature- 
compensated  instrument  reads  out  directly  in  volume  percent  oxygen, 
and  thus  gives  a  continuous  indication  of  the  level  of  conversion  when 
the  inlet  oxygen  concentration  is  known. 

Carbon  dioxide  levels  in  the  reactor  off-gas  were  measured  by  means 
of  a  simple  gas  chromatograph  (Carle,  Model  Basic  TM)  coupled  to 
a  strip-chart  recorder  (Fisher  Scientific,  Model  PWSN,  0-1  mv 
span).  Intermittent  samples  for  injection  into  the  chromatograph 
were  taken  with  a  syringe  through  the  CO2  sampling  port  shown  in 
Figure  24. 

It  was  originally  intended  to  determine  carbon  monoxide  levels  on  a 
routine  basis  with  the  Carle  gas  chromatograph,  but  the  column  set 
up  for  this  purpose  proved  insufficiently  sensitive. 

b.  Special  Analyses 

Samples  of  reactor  exit  gas  for  various  analyses  carried  out  in 
supporting  laboratory  facilities  were  taken  through  the  "vent  and 
sampling  port",  using  evacuated  glass  sampling  bulbs  of  200-1000  ml 
capacity.  Several  such  samples  were  taken  in  most  runs  during 
periods  of  steady  operation. 

Analyses  for  CO,  CO2,  O2  and  H2  in  the  gas  samples  were  carried  out 
by  gas  chromatography.  The  instrument  employed  was  the  Hewlett- 
Packard  Model  5750  Research  Chromatograph. 

Ultraviolet  spectroscopy  was  used  to  check  several  samples  of  exhaust 
gas  for  the  presence  of  SO2,  NO2.  and  aromatic  hydrocarbons.  An 
Applied  Physics  Corporation  Model  Cary  11  instrument,  and  an  88.6 
cm  cell  were  used. 
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During  runs  in  which  water  was  added  to  the  feed  gaseB,  samples  of 
condensate  were  collected  from  the  water  trap  located  downstream 
of  the  reactor  exhaust  gas  cooling  coil.  These  samples  were  analyzed 
for  nitrates,  sulfates,  and  iicidity;  and  for  dissolved  aromatics  by 
uv  spectroscopy. 

7.  3  Results  and  Discussion 

A  total  of  24  experimental  runs  were  made  with  duration  ranging  from 
4  to  lti  hours.  The  runs  are  listed  in  Table  VII,  which  gives  the  highlights 
of  the  conditions  used  and  information  sought.  Only  two  runs,  23  and  24, 
were  made  using  a  bed  two  inches  thick;  all  other  runs  were  made  with  a 
1-inch  bed  of  catalyst.  The  1-lnch  bed  thickness  was  chosen  on  the  basis 
of  the  preliminary  design  studies  as  a  reasonable  balance  between  excessive 
pressure  loss  at  greater  thicknesses,  and  very  large  catalyst  bed  cross- 
sectional  area  requirements  at  lower  thicknesses. 

Runs  1-12  were  made  with  the  bed  of  catalyst  resting  directly  on  a  support 
screen.  Because  it  would  facilitate  a  definition  of  the  temperature  profile 
at  the  exit  plane  of  the  bed,  later  runs  were  made  using  a  1/4  inch-thick 
layer  of  inert  granular  material  between  the  catalyst  and  the  support  screen. 
Thus,  TC  9  was  located  at  the  exit  plane  of  the  catalyst. 

Most  of  the  runs  were  made  at  space  velocities  of  300,  000  hr-1  or 
30,000  hr-1  .  The  higher  value  corresponds  to  operation  at  the  maximum 
ballast  gas  demand  (encountered  during  powered  descent  of  the  aircraft), 
while  the  lower  value  represents  a  reasonable  "turndown"  ratio  from  the 
maximum  value,  and  is  more  than  sufficient  to  provide  the  ballast  gas 
required  during  other  flight  modes. 

7.3.1  Reaction  Studies 


The  reaction  studies  comprised  the  determination  of  the  effects  of  the 
following  parameters : 

•  Space  velocity 

•  Initial  oxygen  concentration 

•  Fuel/oxygen  ratio 

•  Inlet  temperature 

•  Presence  of  water  vapor 

•  Bed  thickness 

•  Pressure 
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Table  VII:  Summary  of  Experimental  Runs 


on  conversion  (of  oxygon),  temperature  rise  (At)  an<)  hot  spot  tempera¬ 
ture,  pressure  ilrop  (Ap),  and  reaction  rate  constant  (K). 

a.  Reaction  Kinetics 


The  rates  of  processes  occurring  in  plug  flow  reactors  frequently 
reflect  the  law  of  mass  action;  th:it  is,  they  show  a  dependency  on 
the  concentration  of  one  or  more  of  the  reactants.  If  the  overall 
rate  is  directly  proportional  to  the  concentration  of  one  reactant, 
the  reaction  process  is  described  as  first-order  and,  assuming 
constant  volume,  the  following  rate  equation  applies: 

K  =  SV  In  (-—■) 

where  K  is  the  reaction  rate  constant  and  other  terms  are  as  defined 
below.  As  shown  in  a  previous  study  *,  K  is  also  defined  by  the 
Arrhenius  equation 

where 
K 

SV  = 

X 
A 
B 
T 

In  the  situation  relevant  here,  such  an  equation  is  a  great  over- 
simplicalion  since  the  temperature  of  13  catalyst  is  non-uniform. 
However,  it  may  be  used  as  an  appro^'  -  ation,  with  T  taken  as  the 
hot  spot  temperature.  A  more  appropriate  description  of  the  reaction 
kinetics  is  obtained  by  plotting  conversion  at  various  space  velocities 
as  a  function  of  the  hot  spot  temperature,  as  shown  in  Figure  26. 

It  should  be  noted  in  connection  with  Figure  26  that  for  SV  =  30, 000  hr-1 
the  initial  concentration  of  oxygen  (in  the  feed)  was  approximately  3%, 
while  at  all  other  space  velocities  it  was  about  6%  by  weight.  The 
"band"  for  SV  =  300,000  hr-1  contains  the  results  for  dry  and  wet 
(with  water  in  the  feed  mixture)  runs,  at  0  and  40  psig,  and  for  1  inch 
and  2  inch  bed  thickness.  Within  this  band,  there  were  no  apparent 
correlations  among  these  latter  variables. 


*  Be  port  AFAPL-TR-69-68 


K  =  Ae 


reaction  rate  constant,  hr-1 
space  velocity,  hr-1 
conversion  (fractional  form) 
frequency  factor,  a  system  constant 
E/R  =  energy  of  aettvation/gas  constant 
absolute  temperature  in  reaction  zone 
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OXVGEN  CONVERSION,  % 


The  data  presented  in  Figure  20  may  be  used  to  test  the  rate  ex¬ 
pression  previously  given,  Thus,  for  a  temperature  of  725°C,  and 
using  the  range  of  values  within  the  band  at  SV  -  300,000  hr-1,  the 
following  values  for  the  reaction  rate  constant  may  be  calculated: 

‘W  hr_1 


190,000 

175,000-260,000 
240,000 

These  values,  while  not  remaining  entirely  constant  with  varying 
space  velocity,  do  indicate  that  the  value  of  194,000  hr-1  used  in 
the  preliminary  design  analysis  is  reasonable,  and  may  be  used 
conservatively  for  space  velocities  in  the  neighborhood  of  300,000 
hr"1. 

At  30,000  hr-1  space  velocity,  as  conversion  approaches  100%  cal¬ 
culation  of  the  rate  constant  becomes  less  meaningful.  The  pre¬ 
liminary  design  calculations,  based  on  the  K  value  of  194, 000  hr-1 
at  725°C,  predicted  that  conversion  would  approach  100%  at  300,000 
hr-1  space  velocity.  This  prediction  appears  conservative,  since 
the  experimental  data  showed  conversions  approaching  100%  at  hot¬ 
spot  temperatures  of  about  600°C. 

b.  Operation  Under  High-Flow  Mode 

This  mode  represents  operation  during  normal  powered  descent,  when 
the  ballast  gas  demand  is  at  a  maximum.  To  conform  with  the 
preliminary  design  analysis,  tests  simulating  this  mode  of  operation 
were  carried  out  at  a  space  velocity  of  300,000  hr-1  with  an  inlet 
concentration  of  approximately  6%  by  weight. 

(1)  Temperature  Rise 

The  experimentally  observed  temperature  rise  is  shown  as  a 
function  of  conversion  in  Figure  27,  together  with  the  calculated 
relationship  for  an  adiabatic  reactor.  It  is  readily  seen  that  the 
reactor  is  quasi-adiabatic  for  most  situations  up  to  a  conversion 
level  of  40-50%.  An  apparent  departure  from  the  adiabatic  line 
was  noted  in  the  one  "wet"  run  at  atmospheric  pressure.  This 
may  indicate  a  possible  shift  toward  less  exothermic  reactions 
(steam  reforming  and  decoking  reactions  are  endothermic),  but 


SV,  hr"1 

100,000 
300, 000 
500,000 
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TEMPERATURE  RISE 


FIGURE  27  TEMPERATURE  RISE  VS  CONVERSION 


there  wan  little  direct  chemical  evidence  for  such  a  hypothesis 
(see  following  section  on  effect  of  cxcchb  fuel). 

(2)  Temperature  Profiles 

Figure  28  illustrates  typical  axial  temperature  profiles  observed 
within  the  catalyst  bed  at  300,000  hr"1  space  velocity.  Tempera¬ 
tures  at  the  entrance  plane  range  from  375°  to  400°C  in  all  cases. 
For  a  bed  thickness  of  1  inch,  the  highest  temperature  was 
achieved  at  the  exit  edge  of  the  bed.  The  profile  was  similar  in 
the  2-inch  bed,  but  leveled  off  In  the  last  1/4  inch  of  the  catalyst. 

It  should  be  noted  that  in  addition  to  the  axial  gradients  there  were 
also  radial  temperature  gradients,  amounting  in  the  1  inch  bed 
to  10-20°C  near  the  bed  entrance,  and  to  125-150° C  near  the 
exit  plane  (for  hot  spot  temperature  in  the  neighborhood  of  700“C). 

(3)  Effect  of  Excess  Fuel 

Figure  29  indicates  the  effect  of  excess  of  fuel  on  the  inlet 
temperature  required  to  reach  a  given  conversion  when  operating 
at  a  space  velocity  of  300,000  hr-1  and  at  atmospheric  pressure. 
There  is  clear  evidence  of  the  beneficial  effect  of  fuel  excess 
(over  stoichiometric  requirements)  on  the  reaction  rate.  At  the 
same  time  it  is  also  evident  that  the  higher  the  excess  of  fuel, 
the  more  precise  Is  the  control  of  inlet  temperature  required  to 
maintain  the  desired  conversion  and  prevent  overheating  of  the 
catalyst. 

The  effect  of  excess  fuel  was  not  studied  in  detail  at  pressures 
above  atmospheric  because  of  time  limitations.  In  one  run  at 
40  psig,  however,  increasing  the  fuel  from  stoichiometric  to  an 
excess  of  10-35%  produced  significant  increases  in  conversion 
(from  about  40%  to  60%)  with  little  change  in  inlet  temperature. 

(4)  Effect  of  Water  Vapor  in  the  Feed 

The  shift  that  takes  place  upon  inclusion  of  water  vapor  in  the 
feed  is  indicated  in  Figure  30.  It  is  evident  that  at  40  psig,  as 
well  as  at  atmospheric  pressure,  the  inlet  temperature  in  a  "wet" 
run  must  be  higher  than  in  a  dry  run  to  achieve  the  same  level  of 
conversion.  This  must  be  taken  into  account  in  planning  an 
operational  unit,  where  water  vapor  will  be  present  In  all  situa¬ 
tions  except  the  first  bed  during  startup. 
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TEMPERATURE. 


OXYGEN  CONVERSION,  % 


Space  Velocity  -  300,000  hr  1 
Pressure  O  psig 
Dry  Gas  Feed 


INLET  GAS  TEMPERATURE,  °C 


FIGURE!  29.  EFFECT  OF  EXCL  FUEL 
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OXYGEN  CONVERSION.  %  OXYGEN  CONVERSION.  % 
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Unfortunately,  time  did  not  permit  experimentation  with  levels 
of  excess  fuel  other  than  those  shown  in  Figure  :10,  or  a  defini¬ 
tive  study  of  the  magnitude  of  the  effect  of  water  as  a  function  of 
water  vapor  concentration.  Data  from  Run  21  do  indicate,  how¬ 
ever,  that  inlet  temperature  must  be  increased  to  maintain  con¬ 
version  as  the  water  level  in  the  feed  is  increased  in  the  range 
of  5-10  volume  percent. 

(5)  Effect  of  Pressure 


The  effect  of  pressure  has  already  been  touched  upon  in  the  pre¬ 
ceding  discussion  of  the  effects  of  excess  fuel  and  of  water  vapor. 
Reference  to  Figures  29  and  30  indicates  that  under  otherwise 
identical  conditions,  a  significantly  lower  inlet  temperature  isv 
required  to  achieve  a  given  conversion  level  at  40  peig  than  at 
atmospheric  pressure.  Some  additional  data  were  obtained  during 
run  23,  using  a  2-inch  bed  of  catalyst.  In  this  run,  conversion 
dropped  from  about  45%  to  12%  as  the  average  pressure  in  the 
reactor  was  reduced  from  40  psig  to  7  psig,  while  maintaining  a 
stoichiometric  flow  of  fuel. 

(6)  Transient  Behavior 

A  systematic  study  of  the  transient  response  of  the  experimental 
reactor  to  changes  in  operating  variables  (flow  rate,  inlet  tempera¬ 
ture,  pressure,  etc.)  was  not  within  the  scope  of  the  present 
program.  It  was  thought  to  be  of  interest,  however,  to  show  a 
typical  experimental  "light-off"  as  an  example  of  the  transient 
behavior  of  the  system.  Figure  31  shows  such  a  light -off,  at 
SV  =  300,000  hr”1,  40  psig,  and  a  stoichiometric  fuel  rate. 

The  figure  shows  that,  following  initiation  of  the  reaction  at  about 
345°C,  temperatures  within  the  bed  rose  gradually  over  a 
period  of  20-25  minutes.  Conversion  rose  correspondingly  during 
this  time,  reaching  about  50-55%  after  20-25  minutes.  Actually, 
due  to  feedback  of  heat  along  the  walls  of  the  reactor,  the  inlet 
temperature  was  increasing  slowly,  and  a  true  "steady-state" 
was  not  reached. 

The  rate  of  temperature  rise  during  light-off  will  depend  on  the 
particular  set  of  conditions.  For  example,  In  several  cases 
involving  light-off  at  atmospheric  pressure  in  the  presence  of 
exosss  fuel,  hot-spot  temperatures  as  high  as  900° C  were  reached 
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RUN  21 

PRESSURE:  40  psig 
DRY  GAS  FEED 


TIME,  minutes 

FIGURE  31  TYPICAL  "LIGHT-OFF”  AT  300,000  HR-1  SPACE  VELOCITY 


within  about  five  minutes.  The  llght-off  illustrated  in  Figure  31 
may  well  have  proceeded  faster  if  the  inlet  temperature  had  been 
higher,  or  if  excess  fuel  had  been  used.  Since  these  conditions 
would  also  lead  to  higher  conversions,  it  would  be  necessary  to 
take  corrective  action  as  the  bed  temperature  approached  the 
allowable  maximum. 

Operation  Under  Low-Flosv  Mode 

This  is  the  operation  during  cruise,  at  SV  ~  30,000  hr  1,  with  the 

reactor  feed  containing  approximately  3%  by  weight  of  oxygen. 

Table  VIII  summarizes  most  of  the  experimental  data  relating  to  this 

mode  of  operation. 

(1)  Temperature  Rise 

For  the  low-flow  mode,  the  calculated  temperature  rise  for  100% 
conversion  is  approximately  360°C  (assuming  an  inlet  O2  concen¬ 
tration  of  3.2  weight  %).  Since  the  experimental  data  yielded 
lower  values  than  the  calculated,  it  appears  that  at  30,  000  hr-1 
space  velocity  heat  losses  from  the  experimental  reactor  are 
significant. 

(2)  Temperature  Profiles 

The  temperature  profiles  at  low  space  velocity  (Figure  32)  show 
that  the  hot  spot  is  normally  located  in  the  upstream  portion  of 
the  bed.  At  atmospheric  pressure,  there  is  a  "hot-region" 
rather  than  a  "spot",  which  indicates  that  a  larger  portion  of  the 
bed  may  be  involved  in  the  reaction.  Under  pressure,  the  hot 
spot  typically  appears  very  early  in  the  bed. 

In  these  low  space  velocity  runs,  depending  on  the  temperature 
profile,  radial  temperature  gradients  of  100°C  or  more  were 
observed  near  the  bed  as  well  as  at  the  exit. 

(3)  Effect  of  Excess  Fuel 

As  in  the  case  of  high  space  velocity,  an  excess  of  fuel  at 
atmospheric  pressure  tends  to  lower  the  inlet  temperature  re¬ 
quired  to  achieve  a  given  conversion.  With  the  feed  entering  at 
about  300°C  and  with  400%  excess  of  fuel,  a  conversion  of  about 
90%  was  achieved.  With  0-100%  excess,  at  0  psig,  the  inlet 
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TAB1.K  VIII 


FFFKCT  OF  INI. FT  TFMPKHATUHF  AND  PKFSSUHF  ON 
CONV FUSION  AT  SV  30.000  1IH'1 


Run 

No. 

Inlet 

Temperature 

°C. 

Pressure, 

pslg 

Excess 

Fuel 

* 

Water 
Vapor  in 
Feed, 
Vol.  % 

02  ir. 

Exhaust 

Gas, 

Vol.  i 

Conversion, 

% 

At^ 

•c 

15 

280-290 

0 

0-400 

0 

—0 

15 

292 

0 

300 

0 

—  2.7 

-8 

- 

15 

305 

0 

400 

0 

~  0.3 

90 

265 

15 

325-330 

0 

o-4oo 

0 

0.35-0.15 

88-95 

250 

15 

350-355 

0 

0-400 

0 

~  0 

-100 

255 

17 

302 

0 

C(2) 

0 

—  0.4 

—  85 

285 

20 

246 

40 

100 

0 

_ 

—  0 

_ 

20 

275 

40 

100 

0 

—  2.8 

-10 

- 

20 

281 

40 

100 

0 

—  0 

-100 

305 

20 

300 

0 

100,  , 

0 

-0.1 

-  95 

285 

20 

305 

0 

0(2) 

0 

-0.2 

93 

315 

24.(3) 

314 

40 

0(2) 

0 

-1.25 

4o 

162 

24 

320 

40 

50 

0 

-0 

-100 

332(*0 

24 

346 

40 

100 

11 

—  0 

—  100 

322(4) 

24 

354 

40 

50 

11 

—  0 

-  100 

353(4) 

(1) 

Between  hot-spot 

and  inlet  (axial). 

(2)  Stoichiometric 


(3)  2-inch  bed 

(4 )  May  not  be  the  maximum. 
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IAL  TEMPERATURE, 
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temperature  must  be  325-;{(iu‘'C  to  achieve  i»0V{  conversion,  while 
if  it  is  :»5()-:ir>5°C  essentially  1 00',,'  conversion  is  obtained.  Table 
V 1 11  summarizes  the  availalde  information, 

(4)  Effect  of  Water  Vapor  in  the  Feed 

Only  one  run  (24)  was  made  with  water  vapor  in  the  feed,  and  it 
was  found  that  approximately  100%  conversion  is  obtained  at  40 
psig  with  the  feed  entering  at  about  250° C,  and  containing  bO-lOO'/l 
excess  of  fuel,  in  the  2-inch  bed.  Since  conversions  approaching 
100%  might  have  been  achieved  at  lower  inlet  temperatures  had 
they  been  run,  the  effect  of  the  water  addition  is  not  clearly 
defined  by  the  data  from  this  run. 

(5)  Effect  of  Pressure 


The  data  from  run  20  indicates  that  pressure  tends  to  lower  the 
inlet  temperature  required  for  high  conversion  at  low  space- 
velocity.  Thus,  at  40  pBig  and  100%  excess  fuel,  an  inlet 
temperature  in  the  vicinity  of  280°C  is  sufficient  to  achieve 
almost  100%  conversion,  while  temperatures  above  300°C  are 
required  at  atmospheric  pressure. 

(6)  Transient  behavior  of  the  reactor  at  low  space  velocity  (30, 000  hr*1) 
are  given  in  Figures  33  to  35.  Figures  33  and  34  show  "light-offs" 
under  two  different  sets  of  conditions,  with  markedly  different 
transient  behavior.  Figure  35  shows  a  loss  of  reaction  ("flame- 
out")  resulting  from  a  slow  decrease  in  the  inlet  gas  temperature. 

A  fast  light-off  is  illustrated  in  Figure  33.  In  this  case,  operating 
at  atmospheric  pressure,  the  stoichiometric  rate  of  fuel  was  in¬ 
troduced  when  the  inlet  gas  temperature  was  at  315°C.  In  slightly 
more  than  two  minutes,  90%  conversion  was  obtained,  while  the 
temperature  at  all  points  in  the  bed  rose  essentially  simultaneously. 
During  the  period  of  time  shown  in  the  figure,  the  inlet  temperature 
rose  to  323°  C  and  the  hot-spot  moved  deeper  into  the  bed  (from 
1/4  to  1/2  inch). 

A  "slow"  light-off  (Figure  34)  was  obtained  at  40  psig,  with  1 00f,7 
excess  fuel  and  initial  inlet  temperature  of  273°C.  The  conver¬ 
sions  were  as  follows  (referring  to  the  figure): 


1 2f> 


RUN  20 


URE  34  SLO\A  "LIGHT -OFF'1  AT  3O,00C  HR  Sr ACE  VELOCITY 


RUN  20 

PRESSURE  =  Ops/g 
DRY  GAS  FEED 
INLET  O?  2  3.5% 


ms 


During  this  period  of  time,  the  location  of  the  hot  spot  moved 
from  the  exit  edge  of  the  bed  to  a  point  1/4  inch  from  the  bed 
entrance.  The  temperature  at  the  different  points  in  the  bed 
rose  in  succession,  starting  with  the  farthest  downstream,  and 
even  the  temperature  at  the  entrance  edge  finally  rose  sharply. 
The  inlet  gas  temperature  rose  slightly  to  about  280° C  during  the 
light-off  period, 

A  reverse  transition,  representing  a  loss  of  reaction  ("flame- 
out")  due  to  an  induced  drop  in  inlet  temperature  is  shown  in 
Figure  35.  While  the  Inlet  temperature  was  dropping  slowly 
from  294°C  to  275°C,  the  "hot  region"  was  moving  slowly  down¬ 
stream  in  the  bed.  Temperature  at  the  different  points  within 
the  bed  dropped  off  in  reverse  order  to  that  shown  for  the  slow 
light-off  in  Figure  35.  As  long  as  the  hot  Bpot  was  within  the 
bed,  very  little  loss  in  conversion  was  observed,  as  can  be  seen 
from  the  oxygen  concentration  curve.  Once  it  reached  the  exit 
edge  of  the  bed,  however,  the  oxygen  level  rose  rapidly.  This 
loss  of  reaction  preceeded  slowly  as  the  inlet  temperature  was 
slowly  decreased.  A  more  rapid  decrease  in  inlet  temperature 
would  undoubtedly  have  given  a  more  rapid  response. 


Start-Up  Simulation 


Two  attempts  were  made  to  simulate  the  start-up  operation  at 
SV  =  30,000  hr-1,  one  at  atmospheric  pressure,  and  one  at  40  psig. 

In  both  cases,  undiluted  air  and  small  amounts  of  fuel  were  fed  to  the 
experimental  system.  It  was  intended  to  keep  the  fuel-vapor  con¬ 
centration  low  in  order  to  stay  below  the  lower  flammability  limit,  as 
well  as  to  limit  the  temperature  rise  to  the  maximum  permissible 
value : 


0.2%  fuel  vapor  3%  O2  14.3%  conversion  410°  C  At 
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Trouble  was  experienced  with  controlling  Much  small  iiow  rates  us 
fuel,  however,  especially  In  the  pressure  run,  and  in  both  runs 
exotherms  carrying  the  bed  temperature  over  1000°C  occurred. 

In  the  atmospheric  pressure  run,  no  reaction  was  observed  below 
dso'  t',  but  with  inlet  temperatures  in  the  range  ol'  300-:ilO°C,  an 
exotherm  to  about  G30°C  was  obtained.  Increasing  the  inlet  tempera  • 
ture  to  325°  resulted  in  an  excessive  temperature  rise  (hot-spot  over 
1000°C)  and  deactivation  of  the  catalyst.  In  the  pressure  run,  a  high 
exotherm  was  encountered  when  the  inlet  temperature  was  only  230° C. 

In  this  ease,  the  oxygen  level  in  the  air  was  reduced  by  the  reaction  to 
about  2.5%,  so  that  a  large  excess  of  fuel  over  that  intended  must  have 
been  inadvertently  fed.  In  the  same  pressure  run,  the  space  velocity 
was  increased  to  100,000  hr-^  and  the  inlet  temperature  to  anout  330°C. 
Under  these  conditions,  a  moderate  exotherm  (to  about  540°C)  ana 
about  10-15%  conversion  of  the  oxygen  in  the  air  was  observed  at  a 
fuel  concentration  of  0.2  volume  %. 

The  above  data  are  too  meager  to  give  an  adequate  definition  of 
light-off  requirements  in  air,  but  they  do  suggest  that  the  inlet 
temperatures  needed  may  not  differ  greatly  from  those  observed  when 
the  inlet  oxygen  concentration  was  3%. 


7.3.2  Pressure  Drop 


The  relationship  used  in  the  design  analysis  to  estimate  the  pressure  drop 
due  to  passage  of  gases  through  a  bed  of  catalyst  is  given  by 
T 
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Tlu-  validity  of  this  relationship  has  Keen  continued  exix-runentallv,  both 
at  room  temperature  (Figure  3Gt  and  under  reaction  conditions  (Table  IX i. 
The  data  presented  in  Figure  3G  were  obtained  at  essentially  atmosphere- 
pressure,  but  because  the  pressure  drop  through  the  bed  was  eonsideraid< 
at  the  higher  flow  rates  used  it  was  necessary  to  correlate  the  data  or.  the 
basis  of  the  product  of  the  average  pressure  and  the  pressure  drop.  A 
slightly  different  value  for  the  constant  in  the  general  relationship  was 
used  in  this  case,  to  account  for  the  different  physical  properties  of 
nitrogen  at  room  temperature,  as  compared  with  those  of  the  gas  mixture 
at  reactor  conditions.  The  wall  f:ietor  was  taken  as  0.7(1,  based  on  a 
relationship  involving  average  particle  size  and  reactor  diameter  given  in 
the  literature. 

It  may  be  seen  from  Figure  :l<>  that  there  is  excellent  agreement  between 
the  experimental  and  the  predicted  values  for  the  2  5/lG-inch  bed  thickness. 
For  the  smaller  beds,  the  fit  of  the  data  is  somewhat  poorer  but  still 
satisfactory. 

In  Table  IX,  the  pressure  drops  observed  during  actual  reactor  runs  are 
compared  with  the  predicted  values,  tor  space  velocities  ranging  from 
100,000  to  500,000,  and  for  pressures  from  ambient  to  5G  psia.  Here 
again,  the  agreement  between  the  calculated  and  observed  values  is  good, 
with  the  observed  values  generally  running  about  10-20%  higher. 

7.3.3  Chemical  Analysis  Data 

The  relative  amounts  of  C02  and  CO  in  the  reactor  exhaust  stream  arc 
of  interest  not  only  from  the  environmental  standpoint,  but  also  as  an 
aid  to  interpreting  the  effects  of  operating  variables  on  the  reaction 
mechanisms.  Samples  from  a  number  of  experimental  runs  were  there¬ 
fore  analyzed  by  gas  chromatography  for  these  constituents,  as  well  as 
for  hydrogen.  The  results  are  summarized  in  Table  X. 

CO  levels  in  the  various  samples  tested  ranged  from  about  0. 1  to  0.  S%. 

Some  caution  must  be  exercised  in  interpreting  the  results  given  here, 
because  in  many  cases,  the  "oxygen  balance"  does  not  check  well.  If  the 
only  major  reactions  occurring  involve  oxidation  of  the  fuel  to  CO,  C09 
and  H2O,  then  1.5  mols  of  0£  are  accounted  for  by  each  mole  of  CO2 
(+H20)  formed,  and  1.0  mols  02  for  each  mole  of  CO  (+H2O).  Thus,  the 
CO  formation  plus  1.5  times  the  net  C0£  formation  should  equal  the 
oxygen  disappearance.  Net  CO2  formation  is  best  indicated  in  those  runs 
in  which  there  was  no  CO2  in  the  feed.  For  three  such  situations  in  the 
table,  only  one  (Run  21)  gave  a  reasonably  close  oxygen  balance. 
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-■00,000  200,000  300,000  500.000  900.000 

SPACE  VELOCITY,  hr-1 
FIGURE  3<;  PRESSURE  DROP  DATA 

GAS  FEED.  NITROGEN  AT  ROOM  TEMPERATURE 


TABLE  IX:  PKKSSUIIE  DROP  DATA  AT  REACTOR  CONDITIONS 
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Keeping  these  reservations  with  regard  to  the  aeeuraey  of  the  data  in  mum 
some  tentative  eonelusions  may  still  be  drawn,  For  the  dry'  runs  at  high 
space  velocity,  it  ap|K’ars  that  CO  formation  accounts  lor  about  -o-:i <>  <>! 

the  oxygen  disapitearenee.  With  \vat<‘f  added,  somewhat  less  CO  (about 
2 IV.,'  of  the  0->  disappearance)  may  have  been  formed.  For  the  runs  under 
pressure,  and  at  low  space  velocity,  Co  formation  apinuirs  to  be  signifi¬ 
cantly  lower,  on  the  order  of  5-1:7,  of  oxygen  disappearance. 

The  possibility  of  hydrogen  formation  through  shift  or  reforming  reactions 
is  of  interest  because  of  possible  problems  involving  embrittlement  of 
structural  equipment.  Since  these  reactions  are  considerably  slower 
than  the  oxidation  reactions,  it  w.as  not  expected  that  they  would  occur 
to  any  appreciable  extent.  As  indicated  in  Tabic  X,  however,  small 
quantities  of  hydrogen  were  detected  in  virtually  all  of  the  samples.  No 
correlation  with  reaction  conditions  is  evident. 

The  JP-4  fuel  used  in  this  test  program  contains  appreciable  sulfur 
(0.  165%).  The  fate  of  this  sulfur  is  of  interest  because  of  potential 
corrosion  problems  in  downstream  equipment.  Complete  oxidation  of  the 
sulfur  contained  in  the  stoichiometric  quantity  of  fuel  required  for  an 
inlet  oxygen  concentration  of  6 %  would  result  in  an  SO2  concentration  of 
about  25  ppm  in  the  reactor  exhaust.  In  samples  from  dry  and  wet  runs, 
both  at  atmospheric  pressure  and  at  40  psig,  no  SO2  was  detected  by  UV 
spectroscopy  (limit  of  detection  about  20  ppm).  Condensate  samples 
collected  during  wet  runs  were  found  to  be  strongly  acidic  (pH  1.6-2.  3), 
however,  and  to  contain  significant  amounts  of  SO4  =  (see  Table  XI). 

An  approximate  calculation,  based  on  the  ratio  of  fuel  to  water  fed,  and 
assuming  complete  oxidation  of  the  sulfur  in  the  stoichiometric  quantity  of 
fuel,  gives  a  value  of  about  0. 16%  SO4  =  in  the  condensate.  Thus,  the 
analyses  for  the  high  space  velocity  runs  in  Table  XT  account  for  about 
half  of  the  sulfur  fed  (the  balance  presumably  passes  through  the  system 
unreacted).  The  value  for  the  low  space  velocity  run  seems  unreasonably 
high,  unless  the  excess  of  fuel  was  actually  significantly  greater  than  the 
indicated  value. 


T  \  U1.K  XI:  ANA  J.YSFS  ()!•■(’«  )N1  )K NSA'i'K  NAMI’I.KS 
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Nitrogen  oxides  were  not  detected  in  the  reactor  exhaust  gas  by  UY 
spectroscopy  (limit  of  detection  about  20  ppm),  although  truce  quantises 
of  nitrates  were  detected  in  the  condensate  samples. 

Further  examination  of  the  condensate  samples,  using  UV  and  spectrc- 
fluorometric  techniques,  revealed  the  presence  of  water-soluble  aromatic 
compounds.  While  these  were  not  quantitatively  determined  or  identified, 
they  appeared  to  be  principally  benzene  derivatives,  with  smaller  amounts 
of  naphthalenes  and  larger  ring  aromatics. 

Areas  for  Further  study 

While  the  experimental  program  carried  out  under  the  present  effort  has 
provided  much  useful  data  regarding  the  functioning  of  the  catalytic  reactor 
under  conditions  simulating  actual  operating  conditions,  there  are  still  a 
number  of  areas  in  which  information  is  sketchy  and  in  which  further  in¬ 
vestigation  might  profitably  be  carried  out  before  proceeding  with  (or 
concurrently  with)  system  studies  involving  a  "breadboard"  or  prototype 
unit.  In  particular,  the  following  areas  need  further  study: 
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:i.  Intt1  met  u»n.s  Aiddiii;  ( );x- r;it i ng  Variables 

The  efleet  01  excess  Iih!  and  water  vapor  concern  ration  on  the  era- 
version  versus  tem|x*r:ilure  relationship  ;it  pressures  above  :ii.n>o.s- 
pherie  needs  to  he  studied  in  more  detail. 

b.  Transient  behavior  of  the  Ueaelor  System 


A  thorough  understanding;  of  the  response  of  the  system  to  changes  in 
level  ot  the  many  operating  variables  -  flow,  temperature,  pressure, 
excess  fuel,  etc.  -  is  essential  to  successful  operation  of  the  catalytic 
inerting  system.  Further  studies,  both  theoretical  and  empirical, 
would  be  desirable  in  this  area. 

c.  Catalyst  Stability 

Very  little  data  has  been  obtained  to  determine  the  life-expectancy  of 
the  catalyst  under  the  projected  operating  conditions.  A  study  of  the 
factors  affecting  coke  formation,  and  the  effects  of  coking  on  catalyst 
performance  would  be  desirable. 

d.  System  Chemistry 

A  more  thorough  investigation  of  possible  side  reactions  occurring 
during  various  modes  of  operation  and  of  the  effect  of  recycling  partial 
combustion  products  would  be  of  interest.  Identification  of  the  water- 
soluble  aromatics  noted  in  the  current  program  might  also  be  worth¬ 
while. 

e.  Testing  of  Improved  Catalysts 

It  seems  likely  that  catalyst  preparations  providing  improved  pressure 
drop  characteristics  without  loss  in  performance  capabilities  can  be 
formulated.  Testing  of  such  improved  catalysts,  particulary  for 
stability,  would  constitute  an  important  area  for  further  work. 

Much  of  the  information  and  testing  described  above  could  be  carried  out 
in  the  1  -  inch  unit  used  in  the  current  work. 
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S.O  iMlK LIMIN' AUV  DESIGN  DEVELOPMENT  AREAS 


In  several  areas  of  the  system  design,  the  design  has  been  completer! 
recognizing  that  there  is  at  this  time  insufficient  data  to  support  all  of 
the  approaches  used.  These  areas  represent  items  which  must  be  in¬ 
vestigated  further  in  the  follow-on  experimental  program.  These  areas 
are  considered  to  represent  some  uncertainty  in  the  design  selected  but, 
in  general,  any  problem  areas  that  are  encountered  in  the  experimental 
phase  can  be  corrected  by  changes  in  system  design.  The  experimental 
program  must  be  directed  at  investigating  theBe  problem  areas  early  in 
the  course  of  the  program  so  that  corrective  measures  and  design  modifi¬ 
cations  can  be  incorporated  where  necessary.  In  reviewing  these  areas  it 
becomes  apparent  that  the  majority  exist  in  the  catalytic  reactor  design. 
This,  obviously,  is  a  result  of  the  moisture  removal  subsystem  being  a 
more  highly  developed  technology.  The  following  is  a  list  of  these  areas, 
not  necessarily  in  the  order  of  their  importance: 

a.  Reactor  Temperature  Control 

Reaction  rate  is  critically  dependent  upon  the  temperature  entering  the 
catalyst  bed.  Reactor  outlet  temperature  depends  on  both  its  inlet 
temperature  and  reaction  rate.  This  means  that  small  changes  in 
reactor  inlet  temperatures  will  result  in  sizeable  changes  to  reactor 
outlet  temperatures  and,  consequently,  heat  exchanger  inlet  tempera¬ 
tures.  The  system  design  uses  ram  air  modulation  to  control  reaction 
rates  and  heat  exchanger  inlet  temperatures.  Because  of  this  amplifi¬ 
cation  of  heat  exchanger  inlet  temperature  variations  by  reactor 
characteristics,  this  ram  control  may  be  inadequate  to  prevent  un¬ 
acceptable  temperature  transients. 

b.  Reactor  Installation  Hazards 


There  is  reasonable  confidence  that  reactor  geometries  can  be  evolved 
which  will  not  result  in  hazardous  conditions  existing  within  the  system 
itself.  Because  of  catalyst  characteristics,  it  has  been  desirable  to 
design  the  system  using  fuel-rich  mixtures  throughout  the  catalyst 
beds.  The  concern  in  this  case  relates  to  the  potential  leakage  of 
this  fuel-rich  mixture  to  ambient  which  can  result  in  combustible 
mixtures  close  to  the  reactor  beds.  This  leaking  gas  can,  in  certain 
areas,  not  only  be  fuel-rich  but  also  of  very  high  temperatures  where 
auto  ignition  could  occur.  The  reactor  design  configuration  has  been 
selected  with  the  best  possible  means  of  sealing  the  leakage  controls. 
Nevertheless,  it  may  be  necessary  to  make  installation  arrangements 
which  will  purge  this  region  of  combustible  products. 
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Uvactor  1-V><I  Mi.vtu  re  Coni  rot 


Reunion  rates  art-  tiol  only  a  function  of  inlot  tcni|H*ratur«\s  but  also 
of  fuel  air  ratios.  Thu  present  control  system  uses  two  position  tool 
flow  controls,  either  high  or  low.  This  results  in  some  variation  in 
fuel  air  ratios  and  these  variations  can  aggravate  the  problem  of 
reactor  temjJeratuiv  control,  if  operation  of  this  system  shows  that 
adequate  temperature  control  cannot  be  maintained  through  ram  flow 
modulation,  it  may  he  necessary  to  incorporate  a  more  sophisticated 
fuel  control  system. 

Reaction  Temperature  Control  in  Transients 

Again,  reactor  temperature  control  is  accomplished  by  ram  air.  But, 
when  flow  is  decreased  or  increased  as  a  result  of  switehing  from 
low-mode  to  high-;node,  this  temperature  fluctuation  can  be  amplified 
substantially.  In  the  present  design  it  is  assumed  that  these  transients 
can  be  accommodated  by  proper  timing  between  the  change  in  fuel 
flow  rate  and  bleed  air  flow  rate. 

The  ultimate  timing  and  sequence  of  these  controls  will  have  to  be 
established  as  a  result  of  the  test  program. 

Flow  Distribution  in  Reactor  Bed 


Reactor  temperatures  and  catalyst  breakdowns  will  depend  very 
heavily  on  the  ability  to  get  uniform  mixtures  across  the  face  of 
the  catalyst  bed.  This  need  for  uniformity  of  mixture  is  most  apparent 
when  it  Is  noted  that  higher  reaction  rates  in  any  locality  raise  local 
temperatures  which,  in  turn,  increase  reaction  rates.  The  system 
design  has  arrived  at  the  first  configuration  for  introducing  bleed  air 
into  the  reactor,  but  the  final  distribution  system  will  have  to  be 
established  in  the  test  program.  Variations  to  this  distributor  can  be 
readily  accommodated  in  the  current  design  configuration. 

Start-Up  Timing 

In  the  start-up  mode,  the  system  is  filled  with  oxygen-rich  mixture 
relative  to  normal  steady  state  operation.  It  is  therefore  necessary 
in  the  start-up  mode  to  add  fuel  at  a  relatively  slow  rate  to  prevent 
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nVorhixilillg  111  ;inv  t»»*  t-l<-mi-nts.  A  mt-nllS  for  :i('<‘<»mplishirig 

this  has  lict'ii  hi  t In-  dt-sign  :m<l  :i  si-<|U«-nc<-  of  o|x.-ration 

has  lu-t-n  established  Inn  the  final  fu«-l  flow  raft-  and  timing  again  inusf 
be  established  in  tin-  e\|>eriimnt:il  program. 

sf.  Moat  Exchanger  Lilt-  at  1  li^li  Temperatures 

The  heat  exchangers  in  tin-  reactor  area  arc  continually  exposed  to 
temjv  raturcs  which  are  higher  than  current  technology  aircraft  heat 
exchangers.  There  is  reasonable  confidence  that  at  these  teinjx-ra- 
tnre  levels,  the  heat  exchanger  design  will  perform  adequately.  If 
reactor  !>od  temperature  controls  cannot  maintain  these  temperatures 
at  all  times,  a  jeopardy  is  placed  on  the  heal  exchangers  durability. 

The  ability  of  the  heat  exchangers  to  meet  increased  temperature 
requirements  will  de|x-nd  ui>on  the  temperature  distribution  as  well 
as  the  magnitude  and  duration  of  these  transients.  How  much  the 
heat  exchanger  designs  can  be  modified  to  accommodate  these 
transients  is  uncertain  until  these  variations  arc  determined. 

h.  Effect  of  Acidity  on  Component  Life 

Test  results  from  the  catalyst  test  program  indicate  that  the  effluent 
mixtures  contain  a  relatively  acid  mixture.  In  the  laboratory  type 
tests  though,  it  is  difficult  to  be  certain  how  much  dilution  of  these 
acids  will  occur  in  the  final  system.  This  level  of  acidity  obviously 
will  have  an  effect  on  the  degree  of  corrosion  on  all  the  downstream 
components.  A  measurement  of  this  acidity  will  be  essential  in  the 
experimental  program  to  determine  its  effect  on  system  life. 
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9.0  CONC  UNIONS  ~  - - - - - - 

9. 1  General 

The  combustion  type  fuel  tank  inerting  system  is  capable  of  maintaining 
noncombustibility  in  an  aircraft  fuel  tank  system  over  an  entire  mission 
profile.  The  combustion  type  is  Inherently  rate  limited.  System  size 
and  weight  are  substantially  proportional  to  the  maximum  inert  gas  flow 
rate  specified,  and  the  maximum  rate  occurs  during  descent.  The  more 
rapid  the  descent  rate  under  which  inerting  is  required,  the  greater  the 
necessary  inert  gas  flow  rate.  Necessary  flow  rate  is  also  proportional 
to  the  total  fuel  tank  ullage  volume  at  the  time  of  the  maximum  rate  of 
descent.  A  fast  descent  with  nearly  empty  tanks  would  govern  the  design. 

In  contrast,  the  liquid  nitrogen  type  fuel  tank  inerting  system  is  not  rate 
limited.  It  can  easily  supply  inert  gas  to  the  highest  rates  because  it 
need  only  pump  liquid  through  small,  insulated  lines  and  spray  it  over 
large  expanses  of  fuel  for  evaporation.  The  liquid  nitrogen  system,  in¬ 
stead,  is  total  mass  limited.  It  must  carry  all  the  inertant  from  the 
ground  for  the  entire  mission  or  series  of  missions  if  need  be.  It  is 
limited  in  the  total  number  of  climb  and  descent  cycles  it  can  perform 
before  its  stored  mass  must  be  replenished.  The  combustion  type  inerting 
system  has  no  limit  on  stored  mass  as  it  gets  its  supply  from  the  atmos¬ 
phere  except  for  a  small  quantity  of  fuel  from  the  tanks  it  inerts. 

Combustion  of  fuel  produces  products  that  vary  with  the  chemical  com¬ 
position  of  the  fuel.  Sulfur  in  the  fuel  becomes  sulfur  dioxide  gas  which 
may  be  readily  oxidized  to  sulfur  trioxide.  These  two  gases  have  a 
strong  affinity  to  water  and  tend  to  be  collected  with  the  moisture  removed 
from  the  inert  gas.  They  are  highly  corrosive,  and  dissolved  in  the  water 
become  approximately  0.01  normal  sulfurous  or  sulfuric  acid.  The  inerting 
system  components  that  encounter  moisture  must  therefore  be  made 
corrosion  resistant.  Any  small  amount  of  moisture  that  is  not  separated 
and  remains  entrained  in  the  inert  gas  supplied  to  the  fuel  tanks  can  be 
considered  to  be  acidic,  tt  is  important  to  regard  this  as  a  problem  for 
further  study.  Actual  quantities  must  be  measured  and  the  average  and 
maximum  rates  of  corrosive  attack  on  fuel  tanks  must  be  quantitatively 
determined.  Means  of  absorbing,  neutralizing  or  resisting  the  small 
quantities  of  acid  produced  must  be  carefully  evaluated. 

There  is  a  wide  range  of  flow  rates  demanded  of  an  inerting  system  over 
the  mission  profile.  During  cruise,  flow  rate  is  at  a  minimum,  determined 
by  the  volume  rate  of  fuel  consumption.  During  climb,  this  rate  is 
arbitrarily  determined,  to  agitate  the  fuel  and  purge  it  of  dissolved 
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oxygen.  I-’ low  rate  is  batted  on  exixwimeiits  with  agitation,  on  climb 
rate,  and  on  the  presumed  initial  l\u -I  condition.  The  flow  rate  during 
descent  may  f>i-  100  or  U00  times  greater  than  that  roqui red  for  crust  . 
Continuous  operation  of  the  inerting  system  :;t  substantially  tfreater  than 
retiui red  rates  eati  add  weight  to  the  mission  (xmalty.  ll  is  desirable  to 
design  the  system  for  the  least  reasonable  flow  rate  in  descent  and  to 
avoid  unnecessary  discharge  of  inert  gas  during  extended  iieriods  such 
as  in  cruise.  Any  scheme  that  would  permit  redefinition  of  the  fuel  tank 
hazard  so  as  to  reduce  the  inert  gas  flow  requirements  would  result  in 
advantageous  weight  reduction.  One  such  means  would  involve  [x-r- 
mitting  the  fuel  tank  to  breathe  air  during  rapid  or  emergency  descent,  to 
be  replaced  at  once  by  the  action  of  the  inerting  system.  The  exact  ha/ar 
in  such  an  event  would  be  dependent  on  the  design  details  of  the  tank  and 
venting  system  and  would  require  experimental  investigation.  Operational 
probabilities  of  ignition  should  also  be  evaluated. 

An  extension  of  this  philosophy  to  the  design  point  of  the  system  would 
result  in  a  substantial  reduction  of  system  size.  Because  the  designed 
inerting  system  provides  an  CO  concentration  well  below  the  allowable 
maximum,  it  is  possible  to  supplement  the  inert  products  with  raw 
engine  bleed  and  still  maintain  an  inert  tank.  It  has  been  determined  by 
analysis  that  the  design  flow  rate,  and  similarly  the  system  weight, 
could  be  reduced  to  409g  of  the  present  size  and  maintain,  at  the  com¬ 
pletion  of  the  maximum  normal  descent,  a  tank  O2  fuel  concentration  below 
9%.  The  significance  of  this  weight  saving  justifies  a  reexamination  of 
emergency  descent  requirements  since  that  is  the  only  consideration  that 
prevents  this  reduction.  Based  on  the  requirements  of  this  study,  which 
are  very  severe,  the  reduced  system  would  result  in  a  tank  03  concentra¬ 
tion  above  9%.  It  would  appear  that  some  relaxation  of  these  emergency 
descent  requirements  Can  be  justified,  thereby  allowing  a  reduction  in 
the  B-l  system  size.  If  these  requirements  cannot  be  relaxed,  then  an 
alternate  means  for  providing  emergency  flow  should  be  sought. 

Alternate  Systems  Comparison 

Table  XII  compares  weights  of  several  possible  inerting  systems.  It  must 
be  reemphasized  that  these  are  weights  of  systems  designed  for  the 
specified  mission.  As  discussed  in  other  sections  of  this  report,  ultimate 
mission  requirements  will  be  far  less  severe,  thereby  yielding 
corresponding  reductions  in  system  weights.  In  addition,  it  is  anticipated 
that  further  research  will  provide  the  basis  for  reductions  in  both 
system  complexity  and  weight  not  possible  in  the  liquid  nitrogen  system. 
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A  ln[tti<l  niirogvu  system  is  shown  .is  :i  standard  of  reUrcnec.  Combust ion 
inerting  t-an  he  [x-rformed  with  a  catalytic  reactor  or  with  a  burner. 

Either  combustion  system  can  In-  operated  lull  time  but  with  llow  turned 
down  to  a  low  rate  during  cruise  and  climb.  Also,  either  can  be  ojierated 
intermittently  to  conserve  ex]»erid:i3ile.s.  These  five  cases  are  tabulated 
and  weight  equivalents  are  given  for  ex|x-ndables. 

The  weight  of  inert  gas  required  over  the  mission  profile  is  stored  weight 
for  the  nitrogen  system.  The  others  eome  from  the  atmosphere,  but 
there  is  a  penalty  in  the  form  of  engine  fuel  consumed  to  compress  the 
bleed  air.  There  is  another  penalty  in  the  form  of  engine  fuel  consumed 
to  overcome  the  drag  on  the  ram  air.  These  penalties  are  t:ibulated. 

The  nitrogen  system  has  been  assigned  a  .'SO',*,  reserve  capacity  to 
summarily  account  for  boil-off,  unustiblc  liquid,  and  for  flight  contingencies 
involving  departures  from  the  mission  profile.  An  additional  climb  anti 
descent  could  easily  consume  the  reserve  nitrogen. 

Fixed  system  weights  have  been  tabulated.  Each  combustion  system  is 
sized  for  its  maximum  rate  required.  This  turns  out  to  be  the  maximum 
normal  rate  of  descent  for  sizing  the  moisture  removal  subsystem,  and 
the  emergency  descent  rate  for  sizing  the  combustion  subsystem.  The 
burner  type  is  seen  to  be  substantially  lighter  than  the  catalytic  reactor 
combustion  subsystem.  This  is  the  result  of  the  light  sheet  metal  design 
of  the  burner  as  opposed  to  the  greater  weight  of  catalyst  bed  and  to 
corresponding  heat  exchanger  design  advantages. 

Installation  weights  include  supports,  ducting  and  distribution  nozzles.  The 
combustion  systems  are  heavier  than  the  nitrogen  system  in  this  area 
because  they  have  engine  bleed  air  ducting  and  primary  heat  exchanger  and 
firewall  weights  in  addition  to  ram  air  ducting  and  larger  diameter  dis¬ 
tribution  ducting.  The  nitrogen  system  has  only  the  smaller  distribution 
ducting,  supports  and  distribution  spray  nozzles. 

Total  weights  show  that  the  intermittent  operation  of  the  combustion  system 
can  save  up  to  1000  lb,  a  large  portion  of  which  is  the  weight  of  fuel  burned 
in  the  inerting  system.  The  burner  type  combustion  system  is  lighter  than 
the  catalytic  reactor  type  by  about  230  pounds,  primarily  because  the 
burner  and  heat  exchanger  is  that  much  lighter  than  the  catalyst  beds  and 
heat  exchangers.  The  intermittently  operating  burner  system  is  one-half 
the  weight  of  the  nitorgen  system,  while  the  intermittently  operating 
catalyst  system  is  60%  as  heavy.  Both  steady  operation  combustion  sys¬ 
tems  are  essentially  the  same  weights  as  the  nitrogen  system,  with  the 
catalytic  system  only  slightly  heavier. 
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It  is  to  be  concluded  from  this  weight  summary  that  intermittent  operation 
is  one  method  by  which  a  significant  weight  advantage  can  be  made  by  the 
combustion  type  inerting  system. 

The  greatest  part  of  the  weight  penalty  difference  between  continuous  and 
intermittent  operation,  where  continuous  is  based  on  10'/<  full  capacity 
minimum  flow,  results  from  the  extremely  long  cruise  duration  of  1)00 
minutes  (15  hours). 

It  should  be  reiterated  that  this  weight  comparison  is  based  on  a  single 
mission.  When  multiple  missions  are  considered  without  replenishment 
of  expendables,  the  weights  of  the  nitrogen  system  will  increase  propor¬ 
tionately  -  putting  that  system  at  a  sizable  disadvantage.  For  example,  if 
the  system  has  to  be  designed  to  complete  two  missions  without  re¬ 
plenishment  as  is  reasonable  because  of  logistics  with  the  bare-base 
concept,  the  total  weight  of  the  nitrogen  system  would  increase  from 
2017  pounds  to  3360  pounds.  There  would  be  no  effect  on  the  combustion 
type  system. 

9.3  Corrosive  Gases 


Products  of  combustion  include  sulfur  dioxide  and  a  small  amount  of 
nitrogen  oxides.  In  combination  with  moisture  condensed  from  the  com¬ 
bustion  products,  these  gases  produce  corrosive  acids  which  car.  attack 
the  system  components  and  the  fuel  tanks.  It  is  necessary  to  resolve 
the  problem  of  corrosion  in  order  to  justify  acceptance  of  a  combustion 
type  inerting  system.  The  inital  approach  is  to  rely  upon  the  high 
solubility  of  the  acid  gases  to  produce  separation  from  the  inert  gas  by 
solution  in  the  condensed  moisture  which  is  then  removed  from  the  system. 

Experience  with  gas  turbine  corrosion  from  combustion  products  indicates 
that  the  primary  problem  comes  from  sulfur  dioxide.  Nitrogen  oxides 
have  been  of  negligible  quantity  in  comparison.  Test  results  from  the 
American  Cyanamid  program  included  a  sampling  of  condensate  from  the 
test  reactor  output.  Those  samples  were  strongly  acid  with  pH  values  of 
about  2.  It  is  not  known  what  fraction  of  the  gaseous  sulfur  dioxide  was 
dissolved.  Corrosive  gaseB  are  of  concern  primarily  to  the  aircraft 
structure,  the  fuel  tank  itself.  The  inerting  system  can  be  designed  to 
be  corrosion  resistant  to  the  extent  necessary,  but  the  aircraft  structure 
should  not  require  modification  nor  be  endangered. 
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Further  work  is  necessary  to  resolve  the  corrosion  problem.  It  is  de¬ 
sirable  first  to  determine  the  quantity  of  SO.,  gas  and  the  quantity  and 
eoneent ration  of  dissolved  Sis-  entering;  the1  fuel  tank.  An  effort  should 
be  made  to  determine  the  solubility  of  S0->  Has  and  of  its  aqueous  solution 
in  the  fuel.  With  these  data,  a  determination  ran  be  made  using  melalbnv 
eal  references  that  will  yield  the  actual  corrosion  rate  on  the  aircraft  luol 
tank  structural  materials.  Finally,  the  predicted  corrosion  rate  must 
be  eompared  with  the  allowable  rate  in  order  to  conclusively  decide  on  the 
acceptability  of  combustion  products  with  moisture  removal  as  a  fuel  tank 
inerting  gas.  Some  effort  should  be  applied  to  verify  the  probable  un¬ 
acceptability  of  a  solid  adsorbent  bed  for  the  removal  of  SO^  from  the 
flowing  gas.  Such  a  bed  is  likely  to  lie  very  large  and  heavy  because  of 
the  large  volume  flow  rate  of  inert  gas  supplied  to  the  tanks. 
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10.0  RECOMMENDATIONS 

This  study  h:is  analytically  established  the  feasibility  of  a  catalytic 
combustor  type  fuel  tank  inerting  system.  On  the  basis  of  this  work 
it  is  recommended  that  the  program  be  continued  through  the  next 
experimental  program  phase.  The  experimental  program  should 
generally  be  directed  at  the  development  areas  listed  in  Section  8.  It 
should  cover,  as  a  minimum,  the  following  specific  topics: 

a.  Fuel  injection,  mixing  and  distribution 

b.  Bleed  air  injection  and  distribution 

c.  Reactor  bed  temperature  control 

d.  System  start-up  and  shut-down 

e.  Corrosive  characteristics  of  the  inerted  gas 
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APPENDIX  I 

Design  Calculations:  Segmented  Reactor  for  Fuel  Tank  Inerting 

The  following  calculation  methods  apply  to  the  case  in  which  all  of  the  fuel  is  added 
to  Lhe  recycle  stream,  and  the  bleed  air  stream  is  divided  among  the  reactor 
segments.  Figure  2  shows  the  flow  leaving  the  final  reactor  segment.  The  nom¬ 
enclature  used  in  the  calculations  is  presented  in  Table  A-I. 

I.  Overall  Relationships 

A.  Stoichiometry 

The  following  stoichiometry  is  assumed: 

Basis:  100  lb-moles  air,  100%  conversion 

1.4CioH20  +  21  02  +  79  N2  14  C02  +  14  H2O  +  79  N2 

At  an  overall  conversion  of  X^: 

1.4XtCioH2o  +  21  02  +  79  N2  14  Xt  C02  +  14  XT  H20 


+  21  (1-Xt)  02  +  79  N2 


Stoichiometric  fuel/air  ratio  (weight  basis) 


_  (1.4)  (140) 

(21)(32)  +  79  (28) 

B.  Material  Balance 


=  0.0679 


Air  and  Fuel  Flow  RateB.  From  Figure  2  and  Table  A-l, 


Fuel  +  Air  =  1-R 


Fuel/Air  ratio  =  B 

Fuel  Rate  =  B  yr-ffi-,  lbs  /hr 
(l+B) 

Air  Rate  =  ,  Ibs/hr 

Dry  Ballast  Gas  Rate.  From  stoichiometry,  the  ratio  of  dry  ballast 
gas  out  to  air  In  is 

_  (14)  (44)  (XT)  +  (21)(32)(1-XT)  +  (79) (28) . .  s 

(21)(32)  +  (79)  (28)  (1-0.0194XT)- 
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A-!  Nuim-niiattiiv:  St-umi.  iilid  Hiaulor 


n  niimbt-r  of  ivai'lor  segments 

ll  recycle  ratio 

Xt  overall  fractional  conversion  of  oxygen 

Xj  fractional  conversion  of  oxygen  in  itli  reactor  segment 

A;  Air  input  to  ith  reactor  segment,  lbs /hr 

aj  ,  air  flow  coefficient,  Aj  'X  Aj;  Xaj  1.0 

F-  Total  gas  flow  through  ith  reactor  segment,  lbs/hr 

M-  oxygen  converted  in  ith  reactor  segment,  lbs /hr 

mi  ,  conversion  coefficient,  ;  Mj/X  Mj;  -nij  =  1.0 

y  J-  oxygen  concentration  entering  ith  reactor  segment,  weight  fraction 

y°  -  oxygen  concentration  leaving  ith  reactor  segment,  weight  fraction 

B  =  overall  fuel /air  ratio,  lbs /lb 

K  =  reaction  rate  constant,  hr  1 

SV  -  space  velocity,  hr-1  (volume  gas  flow  per  hour  per  volume  of 
catalyst;  gas  volume  measured  at  14.7  psia,  72.5  F) 

BG  -  Dry  ballast  gas  demand,  lbs/min  (actual  scale) 

W9  -  weight  of  catalyst  in  ith  reactor  segment,  lbs.  (actual  scale) 

Duct  size  =  size  of  square  duct,  ft.  (actual  scale) 

AT(  design  =  temperature  rise  in  ith  reactor  segment  at  design  flow,  °F 

ATi  100  =  temperature  rise  in  ith  reactor  segment  at  100%  conversion  in  that 
segment  °F 

APi  ~  pressure  drop  in  ith  reactor  segment,  psi. 

if  =  thickness  of  ith  reactor  segment,  inches 


Dry  Ballast  Gas  Rate 


U-R) 

(1+B) 


(1-0.  0194X'p),  lbs/hr 
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t  out  ,n.  2:t:i)  ( 1  -X  p)  ( 1  -  R)  a  I  1  B),  lbs  hr. 

Wright  t  rartion  ()■_>  n>  wet  ballast  gas  leaving  n1*’  reactor 


(U.  It  1  —  \  y) 


^(l -it)  (0.2:h'U(i-xT)-'(i  *n, 


We l giu  fraction  (>  .  ’ll  dry  ballast  gas 

(i).  J.gii.i  -\  |  i  ■ —  (1-0.  0  MMX...) 

1  ,  i  >H)  (i  Mi)  1 


O'.  2;ui(l  -X  |d  (1-0.  (lit)  1XT) 
Volume  traction  0.,  in  dry  ballast  gas 


_ -Ul-XT) _ 

70  *  1-tX'g  '21(1  -X'j') 


(0.21)(1-XT)  /  (1-0.07Xt) 


Average  Molecular  Weight  of  Dry  Ballast  Gas 

32  (Wt^'6>f - 28.84  (1-0.  01  S)4Xt)  /(1-0.07Xt) 

Calculations  for  Individual  Reactor  Segments 


A.  General  Case: 

Specific  values  arc  assigned  to  the  following  variables: 
n,  R,  X’p,  all  air  flow  coefficients  (a)),  all  conversion 
coefficients  (nip),  B,  K,  Pave,  /  min>  and  BG 

1 .  Calculation  of  Conversions  and  Concentrations 

a)  Calculate  all 

Aj  -  at  £Ai  =ai  (1-R)  /  (1+B) 

b)  Calculate  all  F[ 

l’j  -  R  •*  B  — 1 i -7  ft) —  +  A1  ^  A2  + - Ai 

1  1 1  _i_T>  \ 


c)  Calculate  all  Mj^ 

XMl  (0.  233)(XT)(1-R)  /(1+B) 


w,  tti. '\SV|  \ 

!i>r  basis  of  1  l!>/hr  gas  leaving  n1*1  segment 
S';ili‘-up  to  actual  case. 

It  Uu*  ballast  gas  demand  tor  an  actual  cane  in  1JG  lbs/min, 
t lu* u  the  scale-up  factor  (S)  lrom  the  basis  ot  1  lb/hr  gas  leaving 
the  final  reactor  segment  is: 


ti  (BG)(00) 


(l-R)(l-0.  Ot  94Xt) 


and  Wj  -  (Wj)  (S) 


<>.  Calculation  of  Duct  Size 


Bed  Volume  =  Wj/pcat  -  Wi/40.6,  cu.  ft. 

Ued  Area  ”  %%uIo  =  0,295  Wi//  i  ’  ft2 

Duct  Size  =  0.543  (W(/  l  j)  =  side  of  square  duct,  ft. 

Calculation  of  pressure  drop  through  each  bed.  * 


For  each  bed : 

AP=iT4~  (#*0.15)  (  £l  (p0.85)  (Vq1-85) 


'References : 


Dp  1. 15 

where  p  =  0.0000268  lbs/ft-sec 
Dn  =  0.  00625  ft 

r 

af  ■-  wall  effect  factor,  assumed  =  1.0 
i  =  bed  thickness,  ft. 

The  above  equation  is  for  turbulent  flow,  which  will  generally 
apply  at  the  flow  rates  encountered  here:  r—  — ~j 

/  P  0  >  40/ 

>  P  _ / 

Technical  Report  AFAPL-TR-69-G8,  Generation  of  Inerting  Gases 
for  Aircraft  Fuel  Tanks  by  Catalytic  Combustion  Techniques", 
American  Cyanamid  Company,  August  1969. 

Chemical  Engineers  Handbook,  John  H.  Perry,  Ed. ,  3rd 
Edition,  P.  393,  McGraw  Hill,  New  York  (1950) 


N 


{ 'J !  h  i  1 1 1 . !  >  *  l '  ,  ^  t  i 

C  — - - —  7;-  - — ,  i'  .iiiu  I  .ti  rrartor  miiiiilinrih 

\  (ii.  < ) 


V 


(S\  i  i  /  i  it  i . v j  i  r . i v « 


moon)  a  3>  1 1*  1V(.i  . .>) 

I'ombimug, 


,  wlir iv  j  ii-  in  l in- In -h. 


Al’ 


l 


T 

r 


aw 


aw 


SY 


0.0014  -MS\  t  urw)  l-^->  J{) 

1  avi* 

1  nil  s 

l’sin 

hr-*  (calculated  for  gas  volume  at  1-1.7  psia, 

7  - . . .  ' ! 

i  Helms 


Note:  In  calculating  pressure  ilrup.s,  il'  /  mln  is  sixvified  tor 

smallest  reactor  segment,  the  thickness  of  the.  other 
beds  is  proportional  to  their  weights,  assuming  con¬ 
stant  cross-section  in  all  segments. 


6.  Bypass  Factor 

Some  of  the  ballast  gas  requirement  may  be  allowed  to  bypass 
reactor  to  give  a  final  oxygen  concentration  in  the  dry  ballast 
gas,  yp  which  is  higher  than  that  leaving  the  reactor  but  still 
meets  inciting  requirements.  For  this  case  a  bypass  factor, 
z,  representing  the  fraction  of  the  total  ballast  gas  requirement 
passing  through  the  reactor  may  be  calculated: 

(0.233-yf)  (1-0.  0194X'f) 

A  "  0.22!)Xt 

A  very  close  approximation  to  z  is  given  by  the  simpler  expression- 

-  (°-*33-yf) 
z  0.  233Xt 

The  weights  calculated  without  bypass  can  then  be  multiplied  by 
z  and  the  duct  size  by  (z)  1/2.  Pressure  drops,  temperature  rise , 
and  oxygen  concentrations  throughout  the  reactor  system  remain 
the  same. 


1  .ifl 


Sju ‘t‘  ta  I 

1.  S|*vi.il  rase  in  which  Ll  is  *  iv.ii'Idi  segments  an-  si/.ci|  that  at 
design  ih>\\  tlir  heal  release  in  each  segment  is  pr<>|*  >rl  uma  I  in 
the  llua  llirmiirh  that  see  men1.,  ami  A'l  is  equal  lor  all 

segments.  For  this  ease  it  ran  be  shown  that: 

P.1,  A  M. 

— t  constant  - *- 

Mj  (  i  Mj)  (!',)/  E  Kj 


il  Mj  and  Fj  are  calculated  as  in  Section  Al. 


!'V.  ....  I-, 


nR  i 


(l-K) 

(Hit) 


n(BHaj)  '  (n-l)a^  a  (n-Z)a3 


alt  Ini  can  be  calculated,  and  all  other  quantities  as  in  the 
general  case. 


Note  that  ATQegjj,n  may  be  specified  rather  than  11.  In  this 
ease,  II  can  be  calculated  by  trial  and  error  from  : 

ATIKf;ign  120, 300)  I  Mi/X  I’j 

Special  ease  in  which  air  flow  is  split  so  that  the  air  fed  to  each 
reactor  segment,  is  proportional  to  the  total  flow  through  that 
segment.  For  this  case,  the  temperature  rise  in  each  bed  at 
l.ov'  flow  would  approach  Tj  as  a  limit  as  the  conversion  in  that 
bed  approached  100%, 


For  this  case  it  can  be  shown  that.: 

x  ,  _L 

— — —  -  constant  -  1  -  ( - )  n 

TT’  '  1  i  T>  ' 


(™L> 

'  1  i-B 


n-i 


in  b 
i -in  ; 


n-i 


1+B 


and  Aj 


1 


At  100'.  I'diivi  iHiim  lit  each  bed. 


Mi 

o.  ihta  A  j 

Mi 

T'l  O.  2-M 

!  Aj/Kj 

100  “'-n1 

M, 

>(J()  t  - 

r 

1  ' ;  ’  •  1  1  I 

I  i  - 1 

] 

*U1U  U  l  J 

Fi 

1  1  .  » V.J  1 

1  -  l— ) 

n 

Note  that  either  It  or  AT,  |((()  may  be  si>eeilied  in  this  ca«(-, 


Bpeoiai  case  in  which  the  conditions  lor  both  special  cases  1  ami 
apply,  i.e. , 

Mi 

— -  constant,  ATj )(.Hi^n  equal  tor  all  beds 


and  — ~J —  constant,  AT|t)(J  equal  lor  all  beds 


For  this  case,  only  one  of  the  three  quantities,-!!,  ATj~jeg^tl  and 
Al'ioo  need  be  specified  to  determine  the  others,  (assuming  n, 

Xq-,  and  B  are  also  specified). 

4,  Special  case  in  which  bed  weights  are  specified.  This  case  is 
useful  if  it  is  desired,  lor  example,  to  design  a  system  where 
all  segments  are  of  equal  weight  and  thickness.  The  relationships 
given  under  the  general  case  apply,  but  a  trial  and  error  approach 
is  required,  once  the  fractional  conversions  in  each  bed  have 
been  calculated  from  the  bed  weights. 
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Appendix  11 

Reactor  1  )enigu  Calculations :  Computer  Output  Data 


hi  the  following  tables,  tlu-  values  given  for  bed  weight  and  duel  sixe  are  lor  the 
scale  indicated  by  the  specified  ballast  gas  demand.  Air  flow,  total  flow,  and 
oxygen  converted  in  each  bed  are  sealed  to  an  output  of  )  lb /hr  of  wet  gas  leaving 
the  final  reactor  segment.  The  latter  quantities  may  be  converted  to  the  same 
basis  as  the  ballast  gas  demand  by  multiplying  by  the  scale-up  factor  given  in  each 
table. 
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